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THESIS ABSTRACT
NAME: Syed Shahan Jehangir
TITLE OF STUDY: Design of a Broadband Directive Yagi Based MIMO An-
tenna System with Loop Exciter
MAJOR FIELD: Electrical Engineering
DATE OF DEGREE: February 2017
Printed multiple-input-multiple-output (MIMO) systems have become a hot area of
research due to their promising features of providing high data rate, mitigating multi-
path fading effects in wireless channels, providing better transmission quality, and
coverage due to diversity and multiplexing gains. In this work, a 4-element circular
Quasi-Yagi based MIMO antenna system with loop excitation is presented. This
wide dual-band antenna system covers 1.45–2.55 GHz and 3.707–4.71 GHz bands
supporting GPS, GSM/EDGE, UMTS/HSDPA, Bluetooth, Wi-Fi, and WiMAX
standards. This antenna system has an end-fire directional radiation pattern with
front-to-back ratio (FBR) of 13.8 dB, minimum measured gain of 5.8 dBi, and
xiv
directivity of 7 dB at 2 GHz using one director element. The minimum measured
efficiency across the two covered bands was 65%. It had a minimum measured
port isolation of 18 dB within its bands. The size of the MIMO antenna system is
263×263×0.8 mm3 thus making it suitable for wireless access points and on vehicle
applications.
After successful implementation of the first design, a novel 2-element single layer
compact semi-ring slot based Yagi-like MIMO antenna system is presented. The
center frequency of operation is 3.6 GHz targeting WiMAX applications. It has a
measured bandwidth of 320 MHz which covers from 3.48–3.8 GHz. A very simple
and compact reflector element having a size of 14×9.5 mm2 is used to achieve a
FBR of greater than 10 dB without using any complex back-lobe reduction technique
or additional reflector layer which is usually used to get high FBR in slot antennas.
A measured realized gain of 4.3 dBi, directivity of 6 dB, and a minimum measured
total radiation efficiency of 73% across the entire band of operation were achieved.
This MIMO antenna system has minimum measured isolation of 12 dB, maximum
measured ECC of 0.0385, and diversity gain (DG) of 9.81 dB across the entire
band of operation. The total board size of the MIMO antenna system is 80×40×0.8
mm3 while the single antenna element has a size of 40×40×0.8 mm3.
Finally, a highly miniaturized novel dual wide-bandwidth (BW) 2-element Quasi-
Yagi MIMO antenna system is presented. A miniaturization of 68% is achieved
using a semi-loop meandered driven element. The center frequency of operation is 2
GHz. The antenna system covers two bands: the Telemetry L-band with a minimum
xv
measured BW (-6 dB) of 160 MHz, from 1.27–1.43 GHz, and the GSM/LTE band
with a BW of 333 MHz from 1.8–2.133 GHz. It has a high measured FBR of
around 15 dB at 1.35 GHz and 17 dB at 2 GHz. A gain of more than 5 dBi is
measured for the single element with a total radiation efficiency of around 85% in
both bands. The measured isolation of the proposed MIMO antenna is at least 15






 سيد شاهان جيهانجر االسم:
 واسع النطاق وموجه مع محفز دائري Yagiمبني على هوائي  MIMOتصميم نظام هوائيات  عنوان الدراسة:
 الهندسة الكهربائية مجال التخصص:
 2017شباط  تاريخ الدرجة:
أصبحت مجال هام للبحث بسبب مزاياها الواعدة في توفير ( المطبوعة MIMOالمخرجات )-متعددة-المدخالت-أنظمة متعددة
معدل بيانات مرتفع، وتخفيف تأثيرات التالشي في المسارات المتعددة في القنوات الالسلكية، وتوفير جودة نقل وتغطية أفضل 
ية مع محفز دائر Quasi-Yagiعناصر -4مبني على  MIMOفي هذا العمل، نظام هوائيات بسبب التنوع والكسب المضاعف. 
 جيجاهيرتز 4.71-3.707جيجاهيرتز و 2.55-1.45نظام الهوائيات واسع وثنائي النطاق هذا يغطي النطاقاتدائري تم عرضه. 
. نظام الهوائيات هذا لديه نمط GPS,GSM/EDGE, UMTS/HSDPA, Bluetooth, WiFi, WiMAXالداعمة لمعايير
، ديسبل 5.8، قيمة أقل كسب ُمقاسة تساوي ديسبل 13.8( تساوي FBRلفي )الخ-إلى-مع نسبة األمامي endfireإشعاع باتجاه 
أقل كفاءة تمت قياسها ضمن النطاقين الذين تمت تغطيتهم باستخدام عنصر موّجه. جيجاهيرتز  2 على ديسبل 7اتجاهية تساوي و
 MIMOضمن نطاقات هذا النظام. حجم نظام هوائيات ديسبل  18 المنافذ تساوي يةالقيمة الصغرى المقاسة النعزال%. 65كانت 
 ميلليميتر مكعب، وهذه يجعله مناسباً لنقاط الوسول الالسلكية وعلى تطبيقات المركبات. 0.8×263×263هو 
 
شبه حلقي مضغوط  شقةمبني على  Yagiجديد شبيه  MIMOبعد التشغيل الناجح للتصميم األول، تم عرض نظام هوائيات 
 320لديه نطاق عرضه المقاس . WiMAXجيجاهيرتز تهدف تطبيقات  3.6منتصف تردد التشغيل هو بطبقة واحدة بعنصرين. 
ميلليميتر مربع  9.5×14جيجاهيرتز. تم استخدام عنصر عاكس مضغوط وبسيط جداً حجمه  3.8-3.48ميجاهيرتز والتي تغطي 
ن استخدام طريقة معقدة لتخفيض اإلشعاع الخلفي أو طبقة عاكسة إضافية والتي بالعادة ديسبل بدو 10أكبر من  FBRلتحقيق 
% أقل كفاءة 73ديسبل اتجاهية، و 6ديسبل كسب حقيقي مقاس، و 4.3تم تحقيق في الهوائيات الشقية.  FBRتستخدم لتحقيق 
كأعلى  0.0385بل كأقل انعزالية مقاسة، وديس 12هذا لديه  MIMOإشعاعية مقاسة على كامل نطاق التشغيل. نظام هوائيات 
هو  MIMOديسبل كسب التنوع على كامل نطاق التشغيل. الحجم الكامل لنظام هوائيات  9.81مقاسة، و ECCقيمة 
 ميلليميتر مكعب. 0.8×40×40ميلليميتر مكعب حيث أن حجم عنصر الهوائي الواحد هو  0.8×40×80
 
جديد مع نسبة تصغير عالية على نطاقي تشغيل واسعين مبني على عنصرين من  MIMOأخيراً، تم عرض نظام هوائيات 
Quasi-Yagi 2ملتوي. مركز تردد التشغيل هو  يشبه دائر عنصر مغذي % باستخدام68. تم تحقيق نسبة تصغير بقيمة 
 160ديسبل( يساوي  6بعرض نطاق مقاس ) Telemetry L-bandجيجاهيرتز. نظام الهوائيات يغطي نطاقين: نطاق 
ميجاهيرتز يغطي  333بعرض نطاق يساوي  GSM/LTEجيجاهيرتز، ونطاق  1.43-1.27ميجاهيرتز، يغطي ترددات 
ديسبل  17جيجاهيرتز و 1.35ديسبل على  15مقاسة عالية تقدر بحوالي  FBRجيجاهيرتز. هذا النظام لديه  2.133-1.8ترددات 
% في كال النطاقين. 85ديسبل مع كفاءة إشعاعية تقدر بحوالي  5الكسب المقاس للعنصر الواحد يفوق جيجاهيرتز.  2على 




In the last few decades, wireless communication has evolved very rapidly. Nowadays
small form factor devices are well equipped with multiple functionalities like making
calls, browsing the internet, playing music, games, movies, and providing on road
navigation. Wireless technology has now become an integral part of modern
life and its features and applications are not only limited to the third or fourth
generation 3G/4G, but also will be extended to fifth generation 5G wireless devices.
In this chapter, we briefly present an overview of wireless evolution and the need
for multiple-input-multiple output (MIMO) technology.
1.1 Wireless communication Evolution
The initial first generation (1G) analog-based mobile phones had limited capabilities
of data transfer. A few years later, the Global System Mobile (GSM) standard
and second generation (2G) based mobile phones provided more voice and data
capabilities and much more increase in the data rate (around 200 times) as
1
compared to 1G. With the evolution of mobile phone technology and wireless
local-area network (WLAN) standards, the cell phone industry moved to 3G and
4G in 2006 and 2011, respectively [1]. With the advent of this technology, portable
devices are now equipped with video transferring and high-definition broadcasting
applications. New WLAN standards such as 802.11ad can now provide high data
rates in gigabits as compared to older standards.
The ingenuity of Radio Frequency (RF) engineers made it possible to reduce
the size of mobile phones by introducing compact antenna designs and other
microelectronic components. Fig. 1.1 shows the evolution of mobile phones from
1G to 4G. It can be seen that, 1G mobile phones were bulky, heavy, and only
supported voice calling features. Large size antennas were used in these mobile
phones. Later on, 2G and 3G mobile phones were introduced with very small sizes
having small antennas installed inside the casing of the mobile phones which can
be seen in the middle of Fig. 1.1. With the advent of 3.5G and 4G, the size of
the phone started increasing again but with more features and multiple antennas
to support high data rate applications as well as to provide a better visualization
screen.
2
Fig. 1.1. The evolution of mobile phones [1].
1.2 MIMO Technology
Multiple antennas are required to cover different frequency bands covered by
wireless standards. Many portable devices have now multiple functionalities as
compared to early generations with the existence of multiple antennas. These
multiple antennas cover different frequency bands of different standards and might
support high data rates. New wireless standards use multiple-input-multiple
output (MIMO) technology in order to increase the channel capacity as well as the
reliability of a communication system. There are other enabling technologies which
provides high data rates when integrated with MIMO like adaptive modulation
and coding (AMC) and orthogonal frequency-division multiple access (OFDMA).
The former two technologies are related to coding and modulation while MIMO
is associated with the use of multiple antennas and multiple receivers. Multiple
antennas can be easily installed at the base stations but it imposes a challenge when
having multiple antennas placed in small form factor devices (i.e. access points)
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due to the availability of limited space. It is usually required to place multiple
antennas in such devices which do not affect the performance of neighboring
antennas (i.e. highly isolated with low field correlation). According to Moores law
as shown in Fig. 1.2, an exponential increase is found in both WLAN and cellular
data and therefore most of the upcoming radio technology is expected to utilize
MIMO technology [2]-[4].
Fig. 1.2. WLAN and Cellular data speed trends [2].
In the presence of an ideal environment, channel capacity increases with
an increase in the number of MIMO channels. For multiple antennas, Shannon
equation is given by [5].




Where C is the channel capacity in bps, M is the number of antennas at the
transmitter side, N is the number of antennas at the receiver side, B is the
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bandwidth (in Hz) and SNR is the signal-to-noise ratio. From eq(4.1), it can
be observed that the channel capacity can be increased by either increasing the
bandwidth, SNR or the number of antenna elements at the transmitter and receiver
side. However, to get wide bandwidth or increased power to get high SNR is
limited by spectrum regulations [6]. The only feasible parameter is the number of
antenna elements. Fig. 1.3 shows the increase in channel capacity by increasing
the number of antenna elements.
Fig. 1.3. Capacity increase in MIMO [7].
1.3 Work Motivation
In this research work, a new excitation technique (loop excitation) for Printed
Yagi-Uda antennas is deeply investigated. We are targeting Yagi-Uda antennas
because of their distinct features like: they are highly directive, have high gain,
and high Front-to-Back Ratio (FBR). Printed Yagi antennas are robust, easy to
fabricate, low in cost, and hence can be easily integrated with RF circuitry. They
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have been used in antenna arrays, radars, weather forecasting, and other various
wireless applications.
It is known that wideband characteristic is demanded in various wireless
applications. But dipoles, loops and microstrip patch antennas are inherently
narrowband radiators, although we can modify their geometries to obtain high
bandwidths. Quasi-Yagi is the best example in this case. Yagi-Uda antennas are
extensively used as end-fire antennas and are famous for their high gain and high
FBR. Previously end-fire antennas like Vivaldi and linearly tapered slot antennas
were commonly used as phased arrays and as millimeter wave imaging arrays [8]-[9].
The main advantage behind these antennas is the stacking of multiple arrays as
layers and hence it allows extra space for RF circuitry like low noise amplifiers and
mixers etc. But these tapered slot antennas generally require microstrip-to-slot or
coplanar waveguide (CPW)-to slot-transition as a main part of its feeding network.
Such feeding network has a great effect on having broad frequency bandwidth
and also it increases the complexity of the design [10]. To combat these hurdles,
Quasi-Yagi antennas came into existence with a feeding network consisting of a
simple microstrip feed or a microstrip-to CPS (coplanar slot) transition. However,
a major drawback of Quasi-Yagi antennas is their large size due to the presence of
the large ground plane which acts as a reflector element.
Installing multiple antennas at the transmitter and receiver side increases
channel capacity. However, such multiple antennas need to be very carefully
designed for mobile terminals where limited space is available. Any coupling
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between the antenna elements or radiation pattern correlation can significantly
degrade the performance of a MIMO antenna system. Therefore such antennas
need to be meticulously designed. In this work, we are focusing on designing a
wideband Quasi-Yagi based MIMO antenna system with loop excitation. Since
a loop antenna can be made as a dual band radiator, our goal is to design a
Quasi-Yagi antenna having dual-band characteristics with wide bandwidth, high
gain, high FBR, and high directivity using a simple feeding mechanism. In this
work, a complete literature study related to passive Yagi, Quasi-Yagi and slot-like
Yagi antennas is presented. We have observed that various excitation elements
were used in literature based on different geometry configurations like: Quasi-Yagi
antennas, Microstrip-Yagi antennas, Yagi antennas with Monopole excitation and
Yagi antennas with Folded and Meandered Dipole excitation but none of the
designs had used loop antenna as an active element (the one which is excited).
Only Two Yagi based MIMO antenna designs operating at 5.2 GHz with dipole
excitation are present in literature. However none of the designs targeted the
GSM/WLAN/ISM bands.
The proposed Yagi based MIMO antenna with loop excitation will cover GPS,
GSM/EDGE, UMTS/HSDPA, Bluetooth, Wi-Fi, and WiMAX bands. A second
MIMO design based on a semi-ring slot as an active element will be investigated.
It will use a very simple and compact slot reflector (CSR) element (which is the
dual of conventional truncated ground plane acting as a reflector) having size of
only 14× 9.5 mm2 to achieve high FBR ratio of more than 10 dB without using
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any complex back-lobe reduction techniques, multiple reflectors or any additional
reflector layers as found in literature. This compact semi-ring slot based Yagi-like
MIMO antenna system can be used inside wireless hand held devices. Finally, to
achieve reduction in overall size of the initially presented Quasi-Yagi design, a
miniaturization technique based on loop excitation will be investigated that will
make its size compact enough to be used in small wireless terminals.
1.4 Thesis objectives
There are several objectives to be accomplished by the end of this work:
1. To design a dual wideband single Quasi-Yagi antenna element targeting the
standard bands of GPS, GSM/EDGE, UMTS/HSDPA, Bluetooth, Wi-Fi,
and WiMAX, with loop excitation using a simple feeding mechanism. The
antenna will operate at the center frequency of 2 GHz with a single element
size of around 120× 80 mm2. A minimum measured bandwidth of 400 MHz,
gain of 5 dBi, and FBR of 10 dB will be achieved with a minimum measured
efficiency of 60%. A 4-element circular Yagi based MIMO antenna system
with loop excitation will implemented based on the single element design
with an overall size of less than 300× 300 mm2. This MIMO antenna system
will have high port isolation of more than 15 dB.
2. To design a compact (40 × 40 mm2) single element slot based Yagi-like
antenna having FBR of more than 10 dB. The desired frequency of operation
for this design is 3.6 GHz targeting the WiMAX standard. This Yagi-like
8
design will have a minimum bandwidth of 200 MHz, efficiency of more than
70%, and directivity of around 4 dB without using any director element.
A very simple and compact complementary slot reflector (CSR) element
having size of 14× 9.5 mm2 will be used for reducing the back-lobe radiation
unlike complex back-lobe reduction techniques presented in literature. A
2-element Yagi-like slot based MIMO antenna system will be designed based
on the single element one having high isolation of more than 10 dB and field
correlation value of less than 0.5 between the elements. The desired size of
this antenna system is 80× 40 mm2.
3. To introduce a novel loop miniaturization technique for Quasi-Yagi antennas
and to achieve a miniaturization of more than 60% targeting the lower
frequencies as compared to the initial loop based Quasi-Yagi design (objective-
2). The single antenna miniaturized model will have a size of not more
than 60 × 50 mm2 at 2 GHz, with a ground plane width of less than 20
mm. It will cover the Telemetry L-band and the GSM/LTE band with a
minimum measured bandwidth of 150 MHz. The targeted gain, efficiency,
and FBR values are 5 dBi, 75%, and 15 dB, respectively. A 2-element MIMO
configuration will be implemented as well. The overall size of the antenna
system will be 120× 50 mm2. A novel defected ground structure (DGS) will





In this chapter, we briefly discuss some of the important parameters of performance
of a single antenna like radiation pattern, resonance, directivity, efficiency, gain,
and bandwidth. Then we present another set of important parameters to be con-
sidered for MIMO antenna systems like total active reflection coefficient, isolation,
correlation coefficient, mean effective gain, and diversity gain. The definition of
each parameter along with relevant mathematical equations are presented in this
chapter. Finally, we introduce Yagi-Uda and Quasi-Yagi antennas, its distinct
features, performance parameters, operating principles, and its applications.
2.1 Basic Antenna Performance Metrics
An antenna can be simply defined as a metallic device (wire or rod) meant for
transmitting and receiving radio waves. A wide variety of antennas can be found
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in literature but microstrip antennas are found to be of the most interest due
to their distinct features like light weight, low profile, low volume, and its easy
integration with RF circuitries. Here, we present some of the important features
of a single antenna element.
2.1.1 Radiation Pattern
Radiation pattern of an antenna provides the spatial distribution of its radiated
electromagnetic energy. The coverage of an antenna can be well analyzed by
considering the radiation pattern of an antenna. In most of the cases, radiation
patterns are calculated in the far-field (Fraunhofer) region. Fig. 2.1 shows the 3-D
radiation pattern of an antenna at two GSM bands i.e. 900 and 1800 MHz.
Fig. 2.1. Illustration of the 3D-radiation pattern of an antenna [11].
2.1.2 Resonance
The resonance condition of an antenna is defined as a point where the input
impedance of an antenna becomes real. Every antenna has at least one resonance
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frequency which is defined by its material and structure [12].
2.1.3 Directivity
Directivity is one of the important parameters of an antenna which describes
the concentration of energy radiated by an antenna towards a specific direction.
Directivity of an antenna is the ratio between radiation intensity in the given
direction averaged over the radiation intensity over all directions. According to
[12], average radiation intensity is the total power radiated by an antenna divided
by 4π as shown in eq.(2.1) where D is the directivity, U is the radiation intensity
(Watts/unit solid angle), U0 is the radiation intensity of an isotropic source, and






The efficiency of an antenna is defined as the ratio of amount of power radiated
by an antenna to the amount of power supplied to the antenna. It is a measure
of the mismatch losses at the antenna input terminals as well as losses in the
antenna structure like conductive or dielectric losses [12]. Mathematically, the
overall efficiency (η0) can be expressed as eq.(2.2) where (η0) is the total radiation
efficiency, (ηcd) factor accounts for conductive and dielectric losses while (ηr) factor
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is due to the any impedance mismatches and Γ is the reflection coefficient.
η0 = ηcd × ηr = ηc × ηd × (1− |Γ|2) (2.2)
2.1.5 Gain
Gain of an antenna is a relative quantity and is defined with respect to a certain
reference antenna. Gain of an antenna is the ratio between the power gain in a
certain direction and the power gain of the reference antenna [12]. According to
eq.(2.3), gain of an antenna can be related to the efficiency and directivity as
Gain = η0 ×Directivity (2.3)
2.1.6 Bandwidth
The bandwidth of an antenna is the range of frequencies within which the per-
formance of an antenna is analyzed referring to certain standards of −10 dB
bandwidth or −6 dB bandwidth (for electrically small antennas -ESA). For nar-
rowband antennas, bandwidth is usually expressed as the difference between the
upper and lower frequencies while for wideband antennas, bandwidth is expressed
in terms of fractional bandwidth i.e percentage difference of the frequencies over
the center frequency [1].
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2.2 MIMO Antenna Metrics
2.2.1 Total Active Reflection Coefficient (TARC)
In case of MIMO antenna system, scattering parameters are not enough to properly
characterize the efficiency and bandwidth [13], and therefore for a better realization
, TARC is used which is defined as the ratio of square root of the total reflected
power to the square root of the total incident power [14]. For N-element MIMO
antenna, TARC is given by eq.(2.4) where ai and bi represents the incident and
reflected signals, respectively. For a two element MIMO antenna system, TARC
can be computed using the scattering parameters [15] as given by eq.(2.5) where S11
represents the reflection coefficient while S12 represents the transmission coefficient.
TARC accounts for random signal combination as well as coupling between the
ports. It has a value between 1 and 0, whereas 0 means that all the incident power

















Isolation in MIMO antenna systems is a measure of power coupled between the
adjacent antenna elements through substrate, ground plane and ports. Isolation is
measured using S-parameters. It should be noted that isolation doesnt account for
the energy coupled due to radiation patterns in air. For a good MIMO performance,
a minimum isolation of at least 10 dB should be obtained between the adjacent
ports. A variety of isolation enhancement techniques are present in literature,
mainly defected ground structures (DGS), using parasitic elements, neutralization
lines, and using metamaterials [16].
2.2.3 Correlation Coefficient(ρ)
Correlation coefficient is a measure of how much the channels are correlated or
isolated from each other and it also accounts for the effects of the environment. In
a MIMO antenna system, low correlation is desired between the communication
channels in order to achieve better diversity performance. The square of the
correlation coefficient is known as envelop correlation coefficient (ECC). ECC can
be calculated using eq.(2.6) where ~Fi(θ, φ) is the 3D field radiation pattern of
the antenna when the i-th port is excited and Ω is the solid angle. Eq. 2.6 is
valid when the channel is assumed to be isotropic. Calculation of 3D radiation
patterns measurements is a difficult task as it involves numerical integration. An
alternate method of calculating the correlation coefficient is derived in [17] as















∣∣∣∣ |S∗iiSij + S∗jiSjj|√
(1− |S2ii| − |S2ji|)(1− |S2jj| − |S2ij|)
∣∣∣∣2 (2.7)
2.2.4 Mean Effective Gain (MEG)
The gain of a MIMO antenna system is usually measured in an anechoic chamber
which doesnt account for the effects of the environment on the gain performance
of a MIMO antenna system. MEG is the measure of gain performance of a
MIMO antenna system when the effects of the environment are considered. A
mathematical expression as given by eq.(2.8) and eq.(2.9) is presented in [17] where
XPD is cross-polarization power ratio (which is the ratio of vertical mean incident
power to the horizontal mean incident power), Pθ(θ, φ) and Pφ(θ, φ) represents
the power distribution and Gθ(θ, φ) and Gφ(θ, φ) represents the antenna gain
components. A number of channel models can be found in literature. In [17], a
general uniform distribution channel model which represents a regular Rayleigh
fading channel is presented as shown by eq.(2.10). The average XPD values for
this model are 0 and 6 dB for indoor and urban environments respectively [18].
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2.2.5 Diversity Gain (DG)
Diversity is usually achieved when multiple versions of transmitted signal are
received through different channels. In case of uncorrelated channel, the combined
signal at the receiver will provide higher SNR levels and better signal reception.
DG is the measure of the difference between the SNR of the combined signals
to that of a single antenna system. The diversity gain can be calculated from





2.3 Introduction to Yagi-Uda Antennas
This section covers the fundamental concepts related to classic Yagi-Uda antennas
as well as Quasi-Yagi antennas. It also covers the operating principles, distinct
features, main parameters of performance, and applications of Yagi-Uda antennas.
2.3.1 Classic Yagi-Uda Antennas
The operating principle and original design of Yagi-Uda antenna was first described
in Japanese in an article which was published in the Journal of I.E.E of Japan by
S.Uda [21]. In later article, Uda’s colleague H.Yagi described the operation of the
same antenna in English [22].
This antenna can operate in the HF (3–30MHz), VHF (30–300MHz), and
UHF (300–3000MHz) ranges [12]. As shown in Fig. 2.2, this antenna consists of
linear dipole elements. The number of these elements varies from application to
application keeping in view the desired output and complexities. These elements
can be linear dipoles, loops or rectangular patch antennas depending upon the
application. Among these elements, the one which is energized directly is called a
Driven element and the rest of the elements are called Parasitic elements. Among
the parasitic elements, those who have natural frequencies equal to or lower than
that of the incident wave, are called Wave Reflectors, and the element which has a
natural frequency higher than that of the incident wave, are called Wave Directors
[23] . So, playing with this wave reflecting and directing properties of Yagi-Uda
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antennas, a sharp beam and high gain can be obtained. A Folded dipole antenna
is the most common feeding element for Yagi-Uda antennas.
Fig. 2.2. Basic Yagi-Uda antenna configuration.
2.3.1.1 Operating Principles
The Yagi-Uda antenna works on the principle of energy coupling. The electromag-
netic energy is coupled from the driven element through space into the parasitic
dipoles and then re-radiated to form a sharp beam. Since, a dipole radiates power
equally around its axis, so it can couple strong power to its neighbors. The director
element directs the beam in the end-fire direction and the reflector reflects the
waves in end-fire direction and a sharp beam is obtained. This radiator antenna
has been widely used as an end-fire antenna and that is why the length of director
elements is kept smaller than the driven element to make the entire beam more
directive.
The sharpness of the beam and gain of a Yagi-Uda antenna is highly dependent
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on the spacing between directors and the number of director elements. But this
spacing and the number of directors to be used is optimized to get a certain limit,
going beyond this limit decreases gain. It has been experimentally shown for a
Yagi-Uda antenna having total length of 6λ, that increasing the spacing beyond
0.3λ has reduced the gain to 5− 7 dB [12]. It is not necessary to have uniform
spacing and uniform diameter of these elements. It depends on the desired output
which we want to achieve. Typically, the length of the driven element is kept
slightly less than λ/2 (usually 0.45− 0.49λ), whereas the lengths of directors are
about (0.4− 0.45λ). The length of the reflector is kept slightly greater than the
driven element. The separation between the directors is generally kept between 0.3
to 0.4λ. The spacing between the driven element and the reflector is kept smaller
than the spacing between the driven element and the first director whose optimum
value is 0.25λ [12].
Practically, very little effect has been found by increasing the number of
reflectors to two, thats why usually only one reflector is used. However increasing
the number of directors affects the gain significantly [22]. There is a maximum
limit, after which increasing the number of directors has no significant impact on
gain. The reason for this is the reduction of the magnitude of induced current
on the more extreme elements. There is no exact numeric figure of how many
directors should be used. The maximum number of directors to be used is found
through optimization. Some antennas have number of directors ranging from 6 to
12 but with a large size [12].
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2.3.1.2 Unique features of Yagi-Uda Antennas
Yagi-Uda antennas have some distinct features like:
 It is highly directional.
 It has an end-fire radiation pattern.
 It has a high Front-to-Back (FBR) ratio (usually greater than 15 dB).
 It has Low cross-polarization (usually less than -15 dB)
 It has a high Gain (greater than 3 dB)
 Inherently it has a bandwidth of 2%, but it can be increased to 48%.
 It has a low input impedance but can increased through spacing between
driven and reflector element or using step-up elements)
 The antenna configuration is simple to build.
 These antennas are robust and are highly compatible with printed circuitry.
 They are easy to fabricate.
 Simple feeding networks can be employed.
 Its design is less costly.
 It is a light weight radiator.
 It has a low profile (small height).
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2.3.1.3 Challenges
Although its geometry is simple to build, its optimization is difficult, because
parasitic elements (reflectors and directors) are coupled electromagnetically and
they are interdependent with each other. Any changes in parameters of one
element will change the current distribution on other elements. Hence, the mutual
optimization of different parameters is an intriguing task.
2.3.1.4 Main Parameters of Performance
The main parameters of performance in Yagi-Uda antenna are; number of directors,
feeding network and spacing between elements. The main characteristics of interest
in Yagi-Uda antenna are: bandwidth, front-to-back ratio, forward and backward
gain, polarization, input impedance, length, and diameters of the elements along
with their corresponding spacing. With the advent of modern high processing
computers, best results are achieved using numerical techniques.
It has been shown both numerically and experimentally that:
 The driven element size and diameter has negligible effects on the forward
gain but has a large effect on the backward gain, return loss, and input
impedance [12]. It has been reported in [24] that by changing the length of
the driver element, return loss, center frequency, and bandwidth (is increased)
are affected.
 The directors are considered to be the most important elements in Yagi-Uda
antenna configuration. Their length, number, and spacing has significant
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effect on the radiation pattern and directivity; while it has a small effect on
the backward gain and input impedance of the antenna [12].
1. Length of director elements:
Increasing the length of the director element, decreases the radiation
beamwidth. But if the director element length becomes equal or greater
than the driven element, it acts as a reflector and the back-lobe starts
increasing [25]. Also, increasing length of the director, decreases the
impedance bandwidth as reported in [26].
2. Number of directors:
It has been reported in [25] that increasing the number of directors
from 1 to 6 has the following affects:
– F/B ratio has been increased by about 15%.
– Gain has been increased from 2 dBi to 5.5 dBi.
The design implemented in [27] also states that increasing directors from
1 to 6, increases the gain about 45%. Similarly, it has been reported in
[28] that increasing the number of directors from 5 to 12, gain has been
increased by 18%.
3. Spacing of directors:
The spacing between the driven element and the first director and
between directors is an important parameter to be considered during
the design optimization. Increasing the spacing between the driven
element and the first director significantly decreases the bandwidth
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of antenna and improves the reflection coefficient [29]. Increasing the
separation between directors themselves to a certain limit; improves the
directivity and return loss as the mutual coupling decreases between
the directors [25].
 Reflector size and spacing has negligible effect on the forward gain but
has significant effect on the backward gain (front-to-back ratio) and input
impedance. As mentioned above, we can increase the input impedance
without compromising any parameters performance by introducing a step
up element or we can also modify the reflector element size and spacing
[12]. The truncated ground plane used in Quasi-Yagi antennas and spacing
between the driven element and the truncated ground plane has significant
effects on operating frequency range and bandwidth, while it has small effects
on the directivity. Moreover, truncation of the ground plane increases the
FBR, reduces the overall size, and increases the radiation efficiency [24].
2.3.2 Quasi-Yagi Antennas
The concept of Quasi-Yagi antenna was first introduced in [30]. These antennas
have similar characteristics as compared to the classic Yagi antennas except for the
truncated ground plane on the bottom layer which serves as a reflector element
instead of using additional reflectors. By using such a reflector element, an end-fire
radiation pattern is obtained with a comparatively small overall size.
We know that wideband characteristic is the demand for various wireless
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applications. But dipoles, loops and microstrip patch antennas are inherently
narrowband radiators, although we can modify their geometries to acquire high
bandwidths. Quasi-Yagi is the best example in this case. Yagi-Uda antennas
are extensively used as end-fire antennas [23]. Previously end-fire antennas like
Vivaldi and linearly tapered slot antennas were commonly used as phased arrays
and as millimeter wave imaging arrays [31]-[32]. The main advantage behind these
antennas is the stacking of multiple arrays as layers and hence it all allows space
for RF circuitry like low noise amplifiers and mixers etc. But these tapered slot
antennas generally requires microstrip-to-slot or coplanar waveguide (CPW)-to
slot-transition as a main part of its feeding network. Such feeding network has a
great effect on broad frequency bandwidth and also it increases the complexity of
the design [33]. To combat these hurdles, Quasi-Yagi antennas came in its existence
whose feeding network consists of a simple microstrip feed or a microstrip-to CPS
(coplanar slot) transition.
2.3.3 Applications of Yagi-Uda Antennas
Yagi antennas can find a wide range of applications like radars, local positioning
systems (LPS), and wireless sensor networks where high gain, high directivity, and
high FBR is required [34]. Other major areas of applications of Yagi-Uda antennas
are :







 Local Positioning Systems (LPS)
 Wireless Sensor Networks
2.4 Summary
In this chapter, we have discussed some of the basic parameters of an antenna
like its radiation pattern, resonance, gain, directivity, efficiency, and bandwidth.
We have also covered the important parameters of a MIMO antenna system such
as TARC, correlation coefficient, isolation, MEG, and diversity gain. All the
mathematical expressions of each parameter and physical interpretations were
discussed.
We have also introduced classic Yagi and Quasi-Yagi antennas and covered
their fundamentals in detail. We have also studied the basic operating principles,
unique features, main parameters of performance, and some of the applications of
the Yagi-Uda antennas. Such antennas have low profiles, low costs, and are highly





This chapter presents a comprehensive study of the literature related to printed
Yagi antennas. Based on their geometry and driven elements, Yagi antennas can
be broadly categorized as:
1. Quasi-Yagi Antennas
2. Microstrip-Yagi Antennas
3. Yagi Antennas with Monopole Excitation
4. Yagi Antennas with Loop Excitation
5. Yagi Antennas with Folded and Meandered Dipole Excitation
6. Yagi Antennas with Multiple Reflectors
7. Yagi-MIMO Antennas
8. Slot Yagi-like Antennas
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9. Others
Printed Quasi-Yagi antennas which cover the major portion of literature review are
discussed in detail in section 3.1. These antennas are categorized on the basis of
their compact planar structure where the ground plane acts as a reflector element,
and there is no need of additional reflectors. Section 3.2 discusses Yagi antennas
based on Microstrip Patch elements. Yagi antennas where a Monopole is used
as a driven element are discussed in section 3.3. Very few designs are reported
regarding Yagi antennas with Loop excitation and are discussed in section 3.4.
Section 3.5 presents Yagi antennas where Folded dipole or Meandered dipole are
used as the driven elements followed by section 3.6 where Yagi antennas with
multiple reflectors are discussed.
MIMO antennas which are already a very hot research area in wireless com-
munication but few works appeared so far using Yagi antennas. In fact only two
MIMO designs based on Yagi antenna are found which will be discussed in section
3.7. Yagi-like slot based antennas and different back-lobe reduction techniques
are discussed in section 3.8. Other application based different Yagi designs are
discussed in Section 3.9.
3.1 Quasi-Yagi Antennas
This section discusses designs based on planar Quasi-Yagi antennas. The design and
operating principle of these antennas is based on the classic Yagi-Uda antenna as
discussed in the introductory chapter. However, some modifications like truncated
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ground plane which acts as a reflector gives good results in terms of mutual
coupling, gain, bandwidth, front-to-back ratio, and efficiency.
The design presented in [33] gives a very good insight of how the truncated
ground plane acting as a reflector element affects the results. The use of a
truncated element instead of a conventional reflector provides a better FBR and
also make this antenna compact in size. It also provides a space for RF circuitry
like amplifiers, etc., and results in a very compact design which is fully compatible
with microstrip-based MMIC (Monolithic Microwave Integrated Circuit) circuitry.
This antenna consists of a printed dipole director and a driver element as shown in
Fig. 3.1. The driven element is fed by a broadband microstrip-to-coplanar strips
(CPS) transition which is usually used for bandwidth enhancement. The antennas
total size including the feed transition is 0.50× 0.60λ0. The antenna is built on
a Duroid substrate with dielectric constant of 10.2. This antenna covers the X
band (8-12 GHz). It is found that this design is at least two times smaller than
the standard horn antenna which covers the same frequency band. It is shown
that this antenna has a gain of 6.5 dB, 18 dB FBR, and 15 dB cross polarization,
and 17% bandwidth. The same design as the one shown in Fig. 3.1 is presented in
[30] with increased bandwidth of 48%. This work was basically aimed for getting
improved bandwidth and low mutual coupling. This higher bandwidth is achieved
by optimizing the parameters of the microstrip-to-CPS feed. It is shown that this
antenna has a gain of 6.5 dB, 18 dB FBR, 12 dB cross polarization, and a very
low mutual coupling of less than 22 dB when implemented in array configuration.
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Fig. 3.1. Quasi-Yagi antenna with microstrip-to-CPS transition [33].
A slightly different version of the antenna discussed in [33] is presented
in [35]. Here instead of using a microstrip-to CPS transition, a microstrip-to
waveguide transition is used. A Waveguide transition is used because of its low loss
characteristics. This design is compatible with MMIC and RF photonics technology.
This antenna covers the X-band: 8.2 to 12.4 GHz, and have a bandwidth of about
40% with return loss better than 12 dB.
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Fig. 3.2. Yagi-Like Printed Antenna with Simplified Feeding [39].
A Coplanar strip (CPS) is found to be a very important part of the feeding
network in Quasi-Yagi antennas. CPS is a uniplanar transmission line structure
which is widely used in opto-electronic devices [36]. A balun between microstrip and
the CPS is usually required to integrate velocity-matched distributed photodetector
(VMPD) with RF circuitry. In [36], an efficient 2 back to-back microstrip-to-CPS
transitions are designed. The microstrip-to-CPS transition is used by many designs
in the literature. The crux behind using a transition is to introduce 180 degree
phase delay in the two branches of a microstrip line by changing their lengths. By
doing this, we can get an odd dominant propagation mode in coupled microstrip
which can then be converted into CPS mode when the ground is truncated. In
[37], the same design of [33] is modified further which operates in the C-band. It
has a bandwidth of 50%, gain of 6.5 dB, FBR of greater than 20 dB, and cross
polarization level less than -18 dB.
Designs in [38] and [39] show very simple feeding technique where a microstrip
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line is used for feeding. One arm of the dipole is fabricated on one the top side
and other on the bottom side as shown in Fig. 3.2. The frequency of operation
is 2.5 GHz. It has a bandwidth of 10% and gain of 7 dBi. The width of the
geometry WM is 64 mm and the length is about 95 mm considering only 1 director
element. It has a bandwidth of 10% and gain of 4 dBi (with one director) and
7 dBi (5 directors). This complementary feeding design does not require any
additional transitions (microstrip-to CPS or microstrip-to-slot line). Using this
feeding technique, the radiation losses are reduced and the length of the driven
dipole is reduced by 32% as compared to other uniplanar designs [39].
The design presented in [40] represents a Yagi antenna with multi-band
characteristics. The overall size of the antenna is 50 × 60 mm2. It is designed
for 700 MHz band, DCS1800, GPS, GSM900, and Bluetooth/WLAN applications
as shown in Fig. 3.3. This design consists of CPW-to-CPS transition which is
able to transform the even-mode CPW electric field to odd-mode electric field
of CPS line. The overall efficiency of antenna is greater than 80% for all bands
and directivity is on average of 4 dBi for the three bands. Designs from [41]-[44]
represents multi-band Quasi-Yagi antennas. The targeted bands of these antennas
are mostly WLAN around 2 GHz, 3 GHz, and 5 GHz. Among these designs, [41]
and [42] displays quite simple feeding techniques and [43] uses a concave parabolic
reflector.
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Fig. 3.3. Multi-band Quasi-Yagi antenna with CPW-CPS Transition [40].
Furthermore, designs [45]-[50] represents co-planar waveguide-fed Quasi-Yagi
antennas as used in [40] hence appeasing the difficulties faced in using balun
structure for microstrip-to-CPS transition. These antennas are fabricated on a
single layer and does not require etching of copper on both sides unlike [38]-[39].
This type of feeding helps in reducing the overall size of the antenna and such
antennas are easily integrated with microwave circuitry and solid-state devices.
Among these designs, the one presented in [45] is shown in Fig. 3.4 which is
reported as the simplest uniplanar quasi-Yagi antenna ever reported. This antenna
is realized on substrate Rogers RT 6010 (0.64 mm thick with a dielectric constant
of εr = 10.2). This design is found to be very compact (0.67λ0×λ0) and it operates
in X-band from 8-12 GHz. It consists of two director elements and one driven
element. The truncated ground plane acts as a reflector. The antenna is fed by a
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Fig. 3.4. CPW-fed quasi-Yagi antenna [45].
CPW transmission line as shown. This antenna has a bandwidth of 40%, gain of
8.8 dBi, and FBR of 13 dB. In [46], for the first time additional backed conductor
feeding called as CB-CPW feeding is presented. This type of feeding helps in
providing mechanical support and heat sinking ability as compared to other CPW
feeding structures. This additional structure also improves the effectiveness of
reflector and gain is increased from 3.84 to 4.2 dB.
Quasi-Yagi antennas which are based on ultra-wideband transition are pre-
sented by [51]-[55]. Such designs used a dipole as the driven element and a single
director with a truncated ground plane which acting as a reflector element. These
designs used microstrip-to-CPS transition as shown in Fig. 3.5 which excites the
odd mode by providing 1800 phase delay due to path difference of two legs of 3 dB
power splitter [51], as discussed in [36]-[37]. A Quarter-wave transformer is used
for impedance matching of the power splitter. In [55], along with CPS transition,
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Fig. 3.5. Microstrip-to-CPS Transition [51].
a radial stub is employed for improving the matching [56].
Quasi-Yagi antennas with slot-line feeding are presented in [57]-[59]. One
of the designs is shown in Fig. 3.6. The antenna is fabricated and etched on
both sides of RT/Duroid substrate (0.635 mm thickness with dielectric constant of
εr = 10.2). The overall size of the antenna is 50×60 mm2. The antenna consists of
a driven element, a director, and slot-line feeding with microstrip line and slot-line
stubs which are at 900 and have different radii and are used to achieve wideband
impedance matching. The microstrip with a stub is designed below the substrate.
The microstrip line has a characteristic impedance of 50Ω while the slot-line has
approximately 80Ω. This antenna has a bandwidth of 46% operating in frequency
band from 4.64-7.42 GHz. It has a gain of around 6 dBi with a FBR of better
than 17 dB. The cross-polarization is recorded to be less than -15 dB across the
entire bandwidth.
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Fig. 3.6. Slot-line-fed Quasi-Yagi antenna [57].
Broadband Quasi-Yagi antennas with new driver element which looks like a
Bow-tie antenna configuration is presented for wireless applications in [60]-[62].
The design shown in Fig. 3.7 is presented in [60]. Bow-tie antennas are widely
employed due to their broadband characteristics. It is fabricated on fiberglass
substrate with εr of 4.4 and thickness of 1.58 mm. The overall size of the antenna
is approximately 89 mm×66 mm. This antenna operates at 1.9 GHz and 2.4 GHz
and covers Bluetooth and WLAN bands. It has a bandwidth of around 47% with
very return loss of around 30 dB.
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Fig. 3.7. Layout of Quasi-Yagi Bowtie antenna [60].
Fig. 3.8. 1× 2 Quasi-Yagi antenna array [63].
Quasi-Yagi arrays are presented in [63]-[82] which are based on the same design
of [33] to get high gain with compact structures. One such design is presented
in [63] and shown in Fig. 3.8. The antenna is fabricated and etched with copper
metallization on both sides. The substrate thickness is 1.52 mm, metallization
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thickness is 0.07 mm, and the dielectric constant is εr = 3.48. The total area is
reported as 70 mm×140 mm. This antenna operates from 4 GHz to 5 GHz and
has a gain of 11.5 dB with a bandwidth of 15%. Another design implemented
using the same technique but for a 2 × 2 structure and is reported to have a
gain of more than 13 dB [63]. In [79], a novel Yagi-Uda dipole array fed by a
Microstrip-to-CPS transition is presented. To obtain a balanced signal for CPS, a
wideband microstrip-to-CPS transition is used with Yagi-Uda dipole antenna. The
antenna is fabricated on Duroid substrate with a dielectric constant of 10.2 and
thickness of 25 mm. To get better FBR, a 900 bent is introduced at the input of
microstrip line. This antenna has a gain of 9.1 dB and a bandwidth of 10.3%. It
has a better FBR of 15 dB. This design is found as a best alternative to tapered
slot antennas and other high profile planar antennas.
Several other Quasi-Yagi designs are presented in [83]-[106] with certain
modifications to achieve specific results targeting different applications, e.g. in
[83], patch elements are used as the driven element instead of dipoles for power
combining and phased array applications. The rest of the geometry structures
remain the same as of [33], though with different sizes. As patch elements are
more broadside so more isotropic radiation patterns are obtained as compared to
classical Quasi-Yagi antennas where dipoles are used as the driven element. Also,
good cross polarization levels and FBR are obtained. In [84], a tilted dipole is
used as the driven element which can be used in future wireless communications
systems. This tilted dipole further improved the bandwidth of antenna. In [85],
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an E-shaped driven element with patch directors is presented. Good results are
obtained in terms of bandwidth which is 57% at the center frequency of 2.5 GHz,
high FBR of 28.5 dBi, cross polarization level of less than -16 dB and, directivity
of 5.4 dBi. In the designs presented in [86] and [87], a simple feeding technique is
used while in [74] one director element is placed very close to the driven element
to obtain better and stable gain throughout the entire band along with greater
bandwidth (20% increase in bandwidth as compared to traditional Quasi-Yagi
antenna). The design of [88] presents a Quasi-yagi antenna which is backed by a
metallic reflector element used to get off-side radiation pattern instead of end-fire.
This design can be used in beam steering applications.
A novel printed antenna with circular polarization (CP) is discussed in [89]
which is based on the Quasi-yagi design of [33]. The design is very useful in terms
of very wide bandwidth (60.4%) which is reported as twice as compared to a
typical printed CP antenna. This CP is achieved by feeding two Quasi-antennas
with proper feeding where 900 phase difference is obtained. For this purpose
T-Junctions and delay lines are used. The design presented in [90] discusses
bandwidth enhancement and size reduction. It has been reported that this antenna
has 16.6% reduction in size as compared to other printed Quasi-Yagi antennas.
A Quasi-Yagi antenna integrated with a horn antenna is presented in [91] which
is best suitable for applications in milli-meter wave frequencies. Furthermore,
the Quasi-Yagi antenna designs presented in [92] and [93] are fabricated using
silicon technology. The design in [92] is best suitable for 100-GHz metal oxide
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semiconductor radio-front designs. Another interesting modification which is
made to the basic Quasi-Yagi design is presented in [94]. This design has a low
Radar Cross Section (RCS) by using arrow-shaped Koch dipoles as the driven and
director element. These Koch dipoles has the ability to miniaturize the design in
a traditional way to reduce the RCS.
The design in [95] presents another impressive variation of the basic Quasi-yagi
antenna which uses a folded dipole as the driven element. A folded dipole has good
bandwidth characteristics as compared to typical half-wave dipole [96], therefore
this design was meant to achieve wide bandwidth. Also, the input impedance of
a folded dipole is in the range of approximately 70–280Ω which further makes
this design very interesting and demanding, as it has more flexibility of feeding
networks to be incorporated with, as compared to half-wave dipole.
The design presented in [97] is targeted for power combing using stacked/trays
of Quasi-Yagi antennas where each tray consists of two back-to-back Quasi-Yagi
antennas. While the design in [98] which is fabricated on Teflon substrate is meant
for millimeter wave applications. In spite of the large number of applications and
designs discussed in this section targeting the areas of wireless communication,
phased array structures, power combining, and millimeter wave applications; Quasi-
Yagi antennas are also used for medical diagnosis as presented in [99]. The design
discusses Magnetic Resonance (MR)-Compatible printed Yagi antenna for phased
array Hyperthermia applications used in cancer treatment. Another variation of
the basic Quasi-Yagi antenna is presented in [100] where arrow-shaped dipoles are
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used for digital TV band applications.
An ultra-wideband printed quasi-Yagi antenna is presented in [101] for water
detection in the Egyptian desert. This design utilizes another variant which is
a meandered line driven dipole element. Another printed Quasi-Yagi antenna
design is presented in [102] to achieve wide bandwidth and high gain. Broadband
microstrip-fed Quasi-Yagi antenna with simple unique feeding is presented in [103].
Its targeted band of operation is X-band and has an impedance bandwidth of 50%.
A high performance 94 GHz Quasi-Yagi antenna which is fabricated on GaAs
substrate is presented in [104]. This antenna is found to be easily compatible with
active semiconductor devices using GaAs technology.
This section covered literature study of almost all the Quasi-Yagi antennas
except the active and reconfigurable designs. These designs were discussed based on
their feeding variations, driver element variations, bandwidth variations, substrate
variations along with the targeted applications. From this comprehensive study,
it can be concluded that Yagi antennas are very important and are widely used
based on their unique features. The coming sections further discusses printed Yagi
antennas with different variations of using monopoles, microstrip patch, folded
dipoles, and loop antennas as the driven element.
3.2 Microstrip Yagi Antennas
Classic Yagi arrays have been widely used in Mobile Satellite Vehicle (MSAT)
applications. In [105], a Yagi-Uda array is used as a microstrip Yagi array. This
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configuration is developed for the MSAT system. Prior to this work, two medium
gain designs were developed in the U.S. One was called electronically steered planar
phased arrays [106] and the other was called mechanically steered arrays [107].
These antennas were found to be very expensive along with high profiles. However,
the design discussed in [105] combat these disadvantages and it is found that this
mechanically steered planar microstrip Yagi array is having low cost with a low
profile antenna. The antenna is designed at 1.6 GHz. In this design, microstrip
patch elements are used instead of dipoles. All the elements are located on the
same horizontal plane supported by a dielectric substrate as shown in Fig. 3.9.
The main beam of the array is tilted by the effect of mutual coupling between the
patches by optimizing the distance between them. It should be noted that this
design consists of only 4 patch elements: one driven element, one reflector, and
two metallic director patch elements. Hence, it has reduced the complexity of the
design compared to other planar arrays.
This antenna works on the principle of conventional Yagi-Uda dipole. We
discussed previously that in case of a classic Yagi-Uda dipole antenna; electromag-
netic energy is coupled from the driven dipole to the parasitic dipoles through
space. However, in this case energy is coupled from driven patch towards parasitic
patches not only through space but also through the surface waves in the substrate.
Distance between these patches is an important parameter which is optimized
to get the required coupled energy and beam is tilted from broadside to end-fire
direction (not perfectly end-fire). Here in [105], the distance between the driven
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element and the reflector patch is optimized (0.35λ) to get the required gain of 10
dbic (with respect to isotropic circularly polarized radiation). While the spacing
between the driven and the director patch element is optimized to 0.3λ. The size
of the board used is 10× 17 inches2. It has been concluded through simulation
and measurement that the antenna has a gain of 9.5 dbic.
Fig. 3.9. Microstrip Yagi configuration [105].
Yagi-Uda antenna arrays have been widely used as Lens Coupled Imaging
Arrays for the Millimeter and Submillimeter-wave regions [108]. In this design,
radiator elements are photolitho-graphically fabricated using half wave dipoles
on a glass substrate. On the other side of the substrate, directors are used along
with hemispherical lens to increase the radiation patterns. That is why it is
called lens coupled Yagi array. The measured gain of this antenna is 8 dB and it
works at 50 GHz band. These antennas are widely used in remote sensing and
in environmental measurements. An interesting implementation of a microstrip
43
Fig. 3.10. Illustration of Microstrip Bi-Yagi and Quad-Yagi antennas [109].
yagi array is presented in [109] in the form of Bi-Yagi and Quad-Yagi antennas
arrays. Fig. 3.10 shows the structure of these antennas. The designs shown in Fig.
3.10 are derived from the original microstrip Yagi array presented in [110]. The
main benefit of this structure as compared to [110] is the enhancement in gain
around (3-6 dB). Both these designs are fabricated on double copper clad board
of RT/Duroid with dielectric constant of 2.2. The operating frequency was 5.2
GHz. The substrate thickness was 62 mm. The substrate size of microstrip bi-Yagi
was 4560× 5400 mm2 while for the quad-Yagi was 4940× 8496 mm2. The main
beam of this structure is tilted between angles from 330-440. However steering of
the main beam can be controlled by the adjusting the spacing between the driven
elements and the first column of directors. The gain for these two structures was
reported as 13.0 and 15.6 dBi, respectively with efficiencies above 89%. The level
of cross-polarization was below -18 dB and the F/B ratio was approximately 10 dB.
Both these structures are best suitable to be integrated with active components for
applications in wireless local-area networks. In [111], the same design of Bi-yagi
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antenna array of [109] was modified to increase the F/B ratio to 15 dB and a high
gain of 10.7 dBi was achieved. According to the author, it is the first ever reported
high gain microstrip Yagi array antenna.
Another microstrip printed Yagi antennas is presented in [112] for Wi-Fi
applications. Here two microstrip Yagi arrays are connected using corporate feed
network as shown in Fig. 3.11. This antenna covers 5 GHz Wi-Fi band. It was
fabricated on FR-4 substrate with thickness of 1.6 mm and dielectric constant
of 4.7. The size of the substrate was 65× 80 mm2. A higher gain of 9.5 dB was
achieved with a better FBR of 17 dB.
The designs given in [113] and [114] present a low cost and highly efficient 60
GHz printed Yagi antenna array as shown in Fig. 3.12. The size of the substrate
is 8015µm × 10687µm. It has 2 layers containing patch radiators. Both layers
contain driven element and parasitic elements. The driven element of lower layers
excites the upper array. The substrate for layer 1 is 254 µm thick and has a low
dielectric constant of 2.2, while the substrate of layer 2 is 635 µm thick having
a dielectric constant of 2.2. This antenna has a high gain of 10.3 dB achieved at
60 GHz, a bandwidth of 19.4%, and a radiation efficiency of 96%. This design is
found suitable for imaging and mining applications.
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Fig. 3.11. Geometry of microstrip Yagi antenna [112].
Fig. 3.12. Configuration of antenna design [113].
In addition, some other variations in design of microstrip Yagi antennas can be
found in [115]-[120] depending upon the targeted frequency bands and applications.
Among these designs, [115] is based on double printed microstrip Yagi for millimeter
wave applications around 30 GHz. [116] presents a microstrip Yagi design using
dipoles for wireless communication in 5 GHz band. The design presented in [118]
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(circularly polarized microstrip antenna) and [119] are based on stacked layers of
rectangle patches and circular patch elements, respectively. Their frequencies of
operation are 862 MHz and 60 GHz, respectively. [120] discusses printed microstrip
Yagi antenna designed for monitoring of physiological parameters at 2.4 GHz.
Fig. 3.13 shows a microstrip Quasi-Yagi Array with annular sector directors [121]
which is realized on a substrate having thickness of h=1.5 mm and dielectric
constant of 2.55. The operating frequency is 5.8 GHz. The proposed antenna is
very compact having size of 1.2λ0 × 1.2λ0. It has been shown both by simulation
and measurement results that by using dual directors, gain is improved from 8.2
dBi to 10 dBi and bandwidth is increased from 13.6% to 17.6%.
Fig. 3.13. Geometry of the antenna. (a) Single director (b) Dual director [121]
Upcoming section 3.3 presents common Yagi-Uda designs based on Monopoles
as their driven element.
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3.3 Yagi Antennas with Monopole Excitation
Previously in section 3.1, Quasi-Yagi designs have been discussed with variation of
driver elements, e.g, dipole, tilted dipoles, and patch elements etc. Also, designs
with different feedings were discussed. In section 3.2, printed microstrip Yagi
antennas were discussed. This section, briefly presents printed Yagi antenna
designs where the driven element is a monopole antenna.
The design presented in [122] is a low cost and compact efficient radiator based
on printed monopoles for GPRS (General Packet Radio Services) applications and
is shown in Fig. 3.14 and Fig. 3.15. The antenna consists of five elements, the
driven element, two directors, one reflector, and one parasitic element which is
usually placed very near to the driven element in order to increase the bandwidth.
These monopoles are printed on both sides of the substrates. It should be noted
that the driven element is fed by a connector directly without any other feeding
network or a balun and it reduces the complexity of the design. The antenna is
fabricated on FR-4 substrate with dielectric constant εr = 4.4. The size of the
antenna is 180 mm× 90 mm× 50 mm. The antenna operates in GPRS frequency
range (Tx- 1.710-to-1.785 GHz) and (Rx-1.805-to-1.885 GHz). This antenna has a
gain of 5.7 dBi.
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Fig. 3.14. Yagi-Uda antenna composed of printed monopoles [122].
Fig. 3.15. Fabricated Yagi-Uda antenna composed of printed monopoles [122].
A vertical W-band monopole Yagi antenna is proposed in [123] as shown
in Fig. 3.16. The monopoles stands on a ground metallic plane above a high-k
soda lime substrate. The driven monopole is fed by using coplanar waveguide.
The antenna is fabricated using surface-micromachining fabrication technology. It
has a high performance as compared to other printed antennas of W-band as the
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substrate has very less radiation losses. The signal energy is coupled from driven
element towards the parasitic elements in the air and has less interaction with
substrate. The driven monopole is fed by a CPW and therefore requires no baluns
or other feeding networks. Therefore, the complexity of the design is reduced as
compared to other printed Yagi antennas specifically Quasi-Yagi antennas where
microstrip-to-CPS transition or CPW-to-CPS transitions are usually used. This
antenna operates at 100 GHz, has a bandwidth of 12%, and directivity of 8.2 dBi.
This antenna is CMOS compatible and can be easily integrated with RF circuitry.
Fig. 3.16. Vertical Monopole W-band Yagi Uda structure [123].
Further implementation of monopole based Yagi antennas can be found in
[124]-[128]. A multi-band fractal sierpinski monopole element is designed in [124]
which is incorporated in the design of dual-band Yagi antenna which operates in
S and C-bands. A very compact (0.5λ0 × 0.5λ0) 2.4 GHz WLAN band antenna
with monopole as a driven element is presented in [125]. This antenna has a gain
of more than 5 dBi. In [127], closely spaced planar monopole Yagi antenna is
presented which operates at 1 GHz. It has a gain of 8.1 dBi and F/B ratio of 11
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dB. [128] presents a small multi-sector monopole Yagi-uda array (MS-MPYA) on a
circular ground plane. This antenna is found smaller than a typical horn antenna.
The center frequency of antenna is 19.5GHz. It has a gain of 15 dB and FBR of
20 dB. The antenna has 12 sectors of 300 HPBW and covers all directions.
3.4 Yagi Antennas with Loop Excitation
This section deals with Yagi antennas having loop antenna as the driven element.
Very few works are reported in literature based on Yagi-uda configuration with
loop excitation.
The design presented in [129] discusses a Quasi-Yagi loop antenna with high
gain targeted for imaging applications. The design geometry is shown in Fig.
3.17.The antenna is fabricated on Silicon dioxide layer (SiO2) with εr = 4.84 above
the silicon substrate of εr = 11.7. The size of the substrate is 5002µm× 3502µm.
Both layers of substrate are coated with SiO2 for the purpose of electrical isolation.
This antenna consists of elliptical loop shaped driven and two director elements with
a ground plane. The antenna is fed using CPW feeding. To improve impedance
matching, a matching section has been designed between CPW and the driven
element. The center frequency of operation is 94 GHz. This antenna has FBR of
12.1 dB and gain of 6.5 dBi.
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Fig. 3.17. Quasi-Yagi antenna with loop excitation [129].
The design presented in [130] is a slot loop antenna having several directors
targeted for LTE applications. This antenna consists of five elements: three director
arrays, one driven slot loop antenna, and a planar reflector element as shown in
Fig. 3.18. Each director array has nine rectangular loop elements which increases
the antenna gain. The driven slot loop antenna is selected because it has a wide
impedance bandwidth. The substrate used is FR4 with εr = 4.4 and thickness of 1
mm. The overall size is around 150 mm× 165 mm. As slot antenna has a high
input impedance, so a balun is used on the back side of the slot antenna. The
antenna has a gain of 11 dBi and FBR of 18 dB.
Furthermore, designs presented in [131]-[132] present circularly polarized Yagi
loop antennas. The design of [131] presents one point fed wire Yagi loop antenna
where the driven element has a single gap in the driven element. By changing
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the position of the gap, polarization is easily changed. It has a gain of 8 dBi and
FBR of 15 dB. The design presented in [132] discusses a circularly polarized mixed
Loop-Dipole Yagi antenna. The driven element is a dipole, while reflector and
directors are loop elements. This antenna has a gain of around 10 dBi.
Fig. 3.18. Slot Loop Yagi Antenna [130].
3.5 Yagi Antennas with Folded and Meandered-
Dipole Excitation
The unique characteristic of a folded dipole antenna is its high input impedance.
Due to its high input impedance, these antennas are practically easy to feed
with high impedance microstrip lines commercially available. This section briefly
discusses few designs because very little work has been done on Yagi antennas having
driver element as a folded or a meandered dipole. A differentially fed millimeter-
wave Yagi antenna with a folded dipole as the driven element is presented in [133].
The antenna is built on Rogers RT/Duroid substrate with thickness of 0.381 mm
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and εr = 2.2. The five directors, driving folded dipole, and the CPS-feed are on the
top of the substrate while the reflector is on the bottom side as shown in Fig. 3.19.
The antenna is approximately 15 × 15 mm2. It is also connected directly to an
RFIC differential chip. The input impedance of this antenna is high around 153Ω
because of the folded dipole. The CPS lines are found to have impedance ranging
from 100–200Ω, that’s why the folded dipole was selected for the millimeter wave
structure. It has a gain of 8-10 dBi with a cross-polarization level of -22 dB. The
operating frequency band is from 22-26 GHz and it has a very high radiation
efficiency of more than 90%.
Fig. 3.19. CPS-fed Yagi Antenna with a Folded Dipole [133].
In [134], a compact closely spaced folded dipole based Yagi antenna is presented
for achieving high gain. The antenna operates at 1 GHz. The spacing between the
elements is only 0.02λ. It has a gain of 6.7 dBi. Likewise, another W-band Yagi
antenna with folded dipole can be found in [135]. It has a gain of 14 dBi at 78
GHz and its efficiency is more than 90%.
A novel compact printed Yagi antenna for GPS application is presented in
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[136] where meandered dipole is used as the driven element as shown in Fig. 3.20.
The antenna is fabricated on FR4 substrate with εr = 4.4 and thickness of 0.8 mm.
The antenna is operating at 1.575 GHz. Half of the meandered dipole is on the
top side while other half is on the bottom side of the substrate. The parabolic
reflectors are on the both side of the substrate. It has efficiency of 92%, gain
of 7.31 dBi, and FBR of 11.6 dBi. It has a very low cross polarization of about
-33.5 dB. Another small and slim printed Yagi antenna for mobile application can
be found in [137]. Using the meandered structure, the length of this antenna is
reduced by almost 43% as compared to a typical dipole antenna.
Fig. 3.20. Fabricated compact printed Yagi antenna structure [136].
3.6 Yagi Antennas with Multiple Reflectors
This section briefly discusses printed Yagi antennas where multiple reflectors are
used.
The design presented in [138] is a wideband double dipole Yagi antenna which
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is fed using a microstrip-slot CPS transition. The traditional dipole is replaced
by two parallel dipoles to achieve multi-resonances as shown in Fig. 3.21. It has
two stubs for wideband impedance matching [139]: one is microstrip radial stub
and other is a slot radial stub. Both have different radii and are at 900 to each
other. It has a pair of reflectors. These two reflectors are used to further increase
the gain. This antenna is fabricated on FR4 substrate with dielectric constant of
εr = 10.2 and thickness of 0.635 mm. The size of the substrate is 60 mm× 80 mm.
The antenna has a gain of around 7.4 dBi.
Fig. 3.21. Wide-band double-dipole planar Yagi antenna [138].
Another broad-band CPS-fed Yagi antenna is presented in [140] with a pair
of reflectors. The operating frequency was 4.9 GHz and it has a gain of 7.1 dBi.
Similarly,the design presented in [141] is based on multiple reflectors. Instead of
truncated ground plane as reflector, multiple dipoles are used as reflectors and
the length of the antenna is reduced. Due to multiple reflectors, the FBR is
significantly increased without affecting the forward gain. Firstly the truncated
ground plane is used as a reflector. The gain and FBR are 8.5 dB and 13.4 dB,
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respectively. Then the truncated ground plane was reduced to four dipoles acting
as reflectors. Significant improvement is noticed in FBR and the new value of
FBR is 19.4 dB.
3.7 Yagi-MIMO Antennas
As stated earlier, very few works are found related to Yagi based MIMO antennas
in literature. In fact only two designs are present [142]-[143]. The design presented
in [142] is shown in Fig. 3.22. This antenna is operating at 5.2 GHz. The antenna
is fabricated on Rogers RT/Duroid substrate with a dielectric constant of εr = 10
and thickness of 1.28 mm. The size of each antenna is 22 mm× 22 mm large while
the overall size of the structure is 55 mm× 48 mm. Reflector, director, and the
driven element is on the same side of the substrate. The ground is shaped in a way
which will not affect other grounds of two elements and will reduce metallization in
these areas. The antenna is fed by proximity coupling by using microstrip-to-CPS
transition above the hole in the ground plane. A triangular structure is selected
to cover each sector of 1200 and to have low mutual coupling. It is reported to
have a gain of 6 dBi. The design presented in [143] is shown in Fig. 3.23. It is
consisting of 4-elements with an overall size of 154× 154 mm2 and gain of 9.5 dBi
using three director elements.
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Fig. 3.22. Yagi based MIMO array structure [142].
Fig. 3.23. Printed Yagi-Uda array for MIMO systems [143].
3.8 Slot Yagi-Like Antennas
Yagi antennas are famous for high directional end-fire radiation patterns. As slot
antenna has an omni-directional pattern, several back-lobe reduction techniques
have been used in literature to achieve directional radiation patterns with high
FBR.
The design presented in [144] and [145] used resistor and inductor loading
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while [146] employed coplanar waveguide (CPW)-fed rectangular microstrip ring
antenna to suppress the back-lobe radiation pattern. The designs presented in [147]
and [148] shaped the ground plane and used isolated soft surfaces, respectively
to achieve high FBR. In [149], multiple reflector elements were used to achieve a
FBR of around 13.4 dB. In [150] and [151], additional metallic sheets were used
to get a directional radiation pattern. The design presented in [150] is shown in
Fig. 3.24. It was realized on a substrate with dielectric constant εr = 2.65 and
substrate thickness of 1.52mm. Its operating frequency was 4.2 GHz. A gain of 12
dB (with 2 directors) and bandwidth of 27.8% was achieved. The reflector element
size was 80× 90 mm2 while the overall Size was 80 mm× 90 mm× 50 mm. The
design presented in [151] is shown in Fig. 3.25. Its operating frequency was 880
MHz. It had a gain of 5 dB and bandwidth of 83 MHz with a reflector size of
150 mm× 65 mm.
Fig. 3.24. Multi-Layer Slot Yagi antenna [150].
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Fig. 3.25. Slot Yagi-Like antenna (a) top View (b) side view [151].
3.9 Other Yagi Antennas
This section is comprised of Yagi designs with different structures which are not
categorized in the previously mentioned sections.
A novel design of printed Yagi-Uda antenna is presented in [152]. This design
consists of five elements. To get good radiation performance, driven element has
been modified as shown in Fig. 3.26. This Yagi antenna is placed on a substrate
having thickness of 1.0 mm and permittivity of 4.4. The size of the substrate is
approximately 54× 60 mm2. It has a center frequency of 2.4 GHz. This design
achieves a high absolute gain of 8.3 dBi and a bandwidth of 10% for VSWR<2. It
also has a better FBR of greater than 11.9 dB.
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Fig. 3.26. A novel Yagi-Uda dipole antenna [152].
The design presented in [153] is CPW-to-CPS fed antenna with an inverse
triangular director as shown in Fig. 3.27. The substrate thickness is 1.52 mm with
dielectric constant of εr = 4.2. This antenna covers WLAN band from 5.38 to 8.48
GHZ. It has a bandwidth of greater than 40%. The total size of the antenna is
42× 50× 1.52 mm3.
Fig. 3.27. Yagi antenna with inverse triangular director [153].
Similarly other Yagi antennas can be found in [154]-[164]. Among these, [154]
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and [155] are not printed antennas which are designed for TV applications and
satellite signal reception, respectively. A two element tunable beam antenna is
presented in [156]. Designs presented in [157], [158] and [159] are silicon based
antennas for CMOS applications. The design in [160] is a wire bond on-chip
Yagi-Uda array antenna for radio applications. Furthermore, design discussed
in [161] is a compact Yagi antenna for handheld UHF RFID reader. A 60 GHz
on-body Yagi-Uda array is presented in [162]. Similarly, a single and dual polarized
vertically stacked Yagi antenna is discussed in [163] for microwave and millimeter
wave integrated systems. [164] discusses Substrate Integrated Waveguide (SIW)
fed Yagi antenna which is operating at 10 GHz.
To summarize, a tree of Yagi-Uda antennas under different categories is shown
in Fig. 3.28. It is concluded from the study that a lot of work has been done on
Quasi-Yagi antenna and very few studies are present in our band of interest (1.8-2
GHz). Only one loop based antenna is found in our band of interest which is a
multi-layer design. It should also be noted that only two MIMO antenna designs
are present in literature, but not a single design is present in our interest band
with loop antenna as the driven element. Hence our motivation behind this work
is to implement Yagi-Loop based MIMO antennas because of its attractive feature:
wide dual bandwidth, high FBR, and also because no study till now is reported to














































































































































































































































































































































































































































































































In this chapter, we present three loop excited Yagi MIMO designs with their
simulated and fabricated models as well as simulated and measured results. Firstly,
we will start with a single element i.e. Quasi-Yagi based antenna with loop
excitation and then we will present 4-element Quasi-Yagi MIMO antenna system.
Then we will discuss slot based single as well as MIMO Yagi-Like antenna system
in detail followed by the miniaturized Yagi design towards the end of the chapter.
4.1 A 4-Element Dual Wideband Circular Quasi-
Yagi MIMO Antenna System with Loop Ex-
citation
In this section, a 4-element circular Quasi-Yagi based MIMO antenna system with
loop excitation is presented. This wide dual-band antenna system covers 1.45-2.55
GHz and 3.707-4.71 GHz bands covering GPS, GSM/EDGE, UMTS/HSDPA,
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Bluetooth, Wi-Fi, and WiMAX bands. This antenna has an end-fire directional
radiation pattern with FBR of 13.8 dB, minimum measured gain of 5.8 dBi, and
directivity of 7 dB at 2 GHz using one director element. The minimum measured
efficiency across the two bands was 65%. The proposed antenna ensured good
MIMO performance in terms of isolation and correlation. It has a minimum
measured isolation of 18 dB across both bands. Due to its geometry configuration,
pattern orthogonality is obtained which gives very low envelope correlation coeffi-
cient values not exceeding 0.1589 in both bands. The size of the MIMO antenna
system is 263× 263 mm2 thus making it suitable for wireless access points and on
vehicle applications.
4.1.1 Proposed Single Element and MIMO Antenna Ge-
ometry
(a) (b) (c)
Fig. 4.1. Single antenna geometry (a) proposed model (b) fabricated prototype-top
view (c) fabricated prototype-bottom view - All dimensions are in millimeter (mm).
65
Fig. 4.1 shows both the proposed geometry model and fabricated prototype of the
single antenna element. The overall size is 117 mm × 78 mm. This antenna is
realized on a commercially available FR-4 substrate having thickness of 0.8 mm,
dielectric constant of εr = 4, and loss tangent of 0.02. The driven loop and the
director element are on the top layer of the substrate while the truncated ground
plane (acting as a reflector element) having length of 37.5 mm is on the bottom
layer of the substrate. The thickness of the loop is tuned to 8 mm and the spacing
between the ground and the loop is optimized to 13.8 mm. The thickness of the
shorted leg is 4 mm and its length is set to 5 mm. The spacing between the two
legs of the loop is 0.9 mm. The rest of the detailed dimensions are shown in Fig.
4.1(a).
Fig. 4.2 shows the proposed model and fabricated prototype of the 4-element
MIMO antenna system. The size of the ground plane is 103× 103 mm2. A square
hole of 28 × 28 mm2 was made to attach SMA connectors with the fabricated
design. The rest of the design dimensions are shown in Fig. 4.2(a). All dimensions
are in mm.
4.1.2 Results and Discussion
4.1.2.1 Single Yagi Element
A single Yagi antenna element with loop excitation was first modeled in HFSSTM
and then fabricated. The fabricated model can be seen in Fig. 4.1(b). Fig. 4.3
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(a) (b)
Fig. 4.2. MIMO antenna geometry: (a) proposed model (b) fabricated prototype
shows the effect of considering the director element on s-parameters. It also shows
simulated and measured s-parameters curves of a single Yagi antenna with one
director element. A good agreement is found between the simulated and measured
results. It can be observed that the impedance bandwidth in the first band is
increased from 610 MHz to 970 MHz by using a single director element. However
the bandwidth is reduced when a second director element is employed. Using
a director element also affects the return loss in the first band and its value is
reduced from 28 dB to 23 dB. No significant effect on the bandwidth by using the
director element has been found in the second band.
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Fig. 4.3. Effect of director element on reflection coefficient of a single Yagi element.
Fig. 4.4 shows the effect of the director element on gain, FBR, and directivity.
It can be seen that when a single director element is considered, gain and FBR is
increased by around 4 dB. The FBR and directivity is not significantly increased
when a second director element is considered. Fig. 4.5 shows the current distribu-
tion with and without using the director element. We can see the current nulls
and maxima which ensures the end-fire directional radiation pattern for a Yagi
antenna. It can be seen that by using the director element, the current density in
the end-fire direction is significantly increased which eventually increases the gain
and directivity. In our case, we have observed that the resonating mode for our
























Fig. 4.4. Effect of the director element on gain, FBR, and directivity.
(a) (b)
Fig. 4.5. Current distribution (a) without and (b) With director element.
A parametric analysis was conducted on the various parameters of the design.
During this study, it was observed that increasing the width of the driven element
and shorted leg increases the impedance bandwidth up to a certain limit and
hence these values were tuned to 8 mm and 4 mm, respectively. The Spacing
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between the ground plane and the driven element affects the FBR and its value
was set to 13.8 mm. The width and length of the director element also affects the
bandwidth, FBR, and return loss and their values were tuned to 1 mm and 54
mm, respectively. The spacing between the driven element and the first director is
one of the important parameters of performance of Yagi-Uda antennas. Table 1
summarizes the effect of this spacing on the gain and FBR. It can be observed
that gain and FBR increases with increase in the spacing until 10 mm. Beyond
this value, both gain and FBR ratio decreases and at a spacing of 13 mm, the
FBR becomes 1 dB which represents an omnidirectional pattern. Therefore, a
spacing of 10 mm is chosen between the driven element and the first director.
The ground plane which acts as a reflector element in Quasi-Yagi antennas is
another important parameter that affects the performance in terms of FBR. By
using large ground planes, the back-lobe is significantly reduced and eventually
high FBR is obtained. Table 2 summarizes the effect of the length of the ground
plane on FBR. It can be seen that increasing the length of the ground plane
till 37.5 mm increases the FBR significantly and beyond this value, FBR starts
decreasing. Therefore, the length of the ground plane was chosen to be 37.5 mm
to get the desired results. After the optimization of these parameters, a gain of
5.94 dBi, directivity of 6.21 dB, bandwidth of 970 MHz, and FBR of 9.5 dB were
obtained for a single Yagi antenna with one director element only.
70









Table 4.2. Effect of length of the ground plane on FBR








4.1.2.2 4-Element Yagi based MIMO Antenna System
Fig. 4.6 and Fig. 4.7 shows both the simulated and measured reflection coefficient
and isolation curves of the proposed 4-element MIMO antenna system. It can be
seen that this MIMO antenna system shows a wide impedance bandwidth of 55%
and 24% in both bands respectively, and it has a minimum return loss of 23 dB in
both bands. The minimum measured isolation within both bands is 18 dB which
ensures good port efficiency performance.
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Fig. 4.6. Simulated Reflection Coefficient and Isolation curves





































Fig. 4.7. Measured Reflection Coefficient and Isolation curves
To evaluate the radiation characteristics of the MIMO antenna system, it was
measured in a Satimo STARLAB anechoic chamber at MVG Italy as shown in Fig.
4.8. Fig. 4.9 shows the measured maximum gain and efficiency of the 4-element
MIMO antennas. The minimum measured gain is 5.8 dBi at 2 GHz and 5 dBi at
4.2 GHz which is close to the simulated gain values of 6.6 dBi at 2 GHz and 5.2
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Fig. 4.8. Measurement setup inside anechoic chamber.
dBi at 4.2 GHz. The minimum measured efficiency is greater than 65% which is
also close to the simulated efficiency of 70% across both bands. A good agreement
is found between the simulated and measured results.
Fig. 4.10 shows the normalized measured and simulated radiation patterns of
the four elements in terms of ETotal at 2 GHz
∗. Due to geometry configuration,
the radiation patterns of elements 1 and 3 and elements 2 and 4 are 1800 apart
while patterns of adjacent elements are orthogonal to each other as shown in both
φ and θ planes. Fig. 4.10 (a) shows the measured and simulated φ−max = 120
and 160 (theta cuts) for elements 1 and 3 respectively, while Fig. 4.10 (b) shows
the φ−max = 1060 and 1040 cuts for elements 2 and 4 respectively, Fig. 4.10 (c)
and (d) shows the measured and simulated patterns obtained at θ = 900 (phi cuts)
∗ The 2D normalized patterns were also computed at 4.2 GHz. The FBR was
slightly reduced by 1.2 dB. However rest of the dimension as well as tilting angles almost
remained the same and therefore, the figure was not included here to avoid redundancy.
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Fig. 4.9. Measured gain and efficiency of the MIMO antenna System (a) Antenna-1


















































































































Fig. 4.10. Normalized measured and simulated radiation patterns ETotal at 2 GHz.
(a)φ = 120 -element 1, φ = 160 -element 3 (b) φ = 1060 -element 2, φ = 1040
-element 4 (c) θ = 900, element 1 and 3 (d) θ = 900, element 2 and 4.
for elements 1, 3 and 2, 4 respectively, and it can be seen that the patterns are
highly directional. It can also be observed that in both of these planes, radiation
patterns are completely tilted and hence it ensures very low correlation between
the MIMO channels. Both simulated and measured results in both planes shows
very good agreement. The calculated ECC values from the measured 3D patterns
did not exceed 0.1589 within all covered bands.
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4.2 A Single Layer Semi-Ring Slot Yagi-Like
MIMO Antenna System with High Front-to-
Back Ratio
In this section we discuss the second design based on a novel 2-element single layer
semi-ring slot Yagi-like MIMO antenna system with a compact complementary slot
reflector. This antenna system covers the 3.5 GHz band for WiMAX applications.
It has a minimum measured bandwidth of 320 MHz covering from 3.48-3.8 GHz. A
simple and compact slot reflector element having the size of 14× 9.5 mm2 is used
to achieve a minimum measured front-to-back ratio (FBR) of 10 dB without using
additional metallic layers, reflector elements or any complex back-lobe reduction
technique. The total board size of the MIMO antenna system is 80× 40× 0.8 mm3
while the single antenna element has a size of 40× 40× 0.8 mm3. The antenna
system is fabricated and tested. Good agreement is found between simulated and
measured results. A measured realized gain of 4.3 dBi, directivity of 6 dB and
a minimum measured total radiation efficiency of 73% across the entire band of
operation were achieved. This MIMO antenna system has minimum measured
isolation of 12 dB, maximum measured envelope correlation value of 0.0385 and
diversity gain of 9.81 dB across the entire band of operation.
To use a slot antenna as the driven element (the one which is excited) in a
Yagi-Uda structure, is a challenging problem because the radiation pattern of a
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slot antenna is omnidirectional (FBR is 1 dB). To achieve a directional radiation
pattern and high FBR, several techniques have been used in literature as discussed
previously in section 3.8 of chapter 3.
FBR and gain are directly proportional to the length of the ground plane.
The main problem usually faced in designing Yagi antennas is their large size due
to the presence of the large ground plane or reflector element (to achieve high
FBR) and large number of director elements (to achieve high gain and directivity)
which eventually increases the size of the antenna. Due to this reason, Yagi based
MIMO antennas, usually cannot be placed closely inside small devices due to the
limited space available. Therefore, only two designs [142] and [143] based on Yagi
MIMO configuration are found in literature (that are large in size) and no work
based on slot Yagi-like MIMO antenna systems can be found so far.
The proposed single layer design is based on the half wavelength slot (λg/2)
which is known as an equivalent magnetic dipole. Since magnetic dipoles have the
same radiation properties as electric dipoles but with different polarization [12],
they can be employed as driving elements in Yagi antennas. The proposed Yagi-like
MIMO antenna system is compact with an overall size 80× 40× 0.8 mm3. As slot
antennas are etched out of the ground plane and there is no extra ground or reflector
layer to reduce the back-lobe radiation, we introduce a very simple and compact
complementary slot reflector (CSR) element having the size of 14× 9.5 mm2.
The proposed reflector element can be considered as the dual of the conven-
tional metallic reflector element. It increases the current distribution and pulls
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the beams in the end-fire direction and hence a minimum measured FBR of 10 dB
is achieved without using any complex back-lobe reduction techniques, multiple
reflectors or any additional reflector layers as used in literature.
4.2.1 Antenna Design Details
The antenna is designed on a commercially available FR-4 substrate with εr = 4,
thickness t = 0.8 mm and loss tangent of 0.02. The proposed single element
geometry and its fabricated prototype for Model-A are shown in Fig. 4.11 and Fig.
4.12, respectively. The length of the semi-ring slot is half guided wavelength (λg/2)
around 22.6 mm at the center frequency of 3.6 GHz. The width of the slot is
tuned to 3.3 mm. The slot and the reflector element are etched out of the ground
plane (bottom layer). The slot is fed using a transmission line on the top layer.
The width and length of the transmission line are tuned to 3 mm and 14.2 mm
respectively, to match to 50Ω at the SMA connector location. Note that the width
of the transmission line used will yield lower than 50Ω impedance, but the effect
of the length, feeding point location at the slot edge as well as the line extension
beyond it, will all affect the impedance seen at the input. The optimization of all,
will yield the matching required at the SMA input point. Using a 50Ω line width
will require another set of optimized parameters for the 3-other dimensions, but
will yield similar results at the input port. To avoid any confusions, we present
both models A and B for both single as well as MIMO antenna systems. Model-A
has a transmission line (T-Line) width of 3 mm (33.5Ω) while Model-B has a T-line
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Fig. 4.11. Model-A: Proposed antenna geometry model (a) bottom layer (b) top
layer.
Fig. 4.12. Model-A: Fabricated prototype (a) bottom layer (b) top layer.
width of 1.64 mm (50Ω).
Fig. 4.13 shows the proposed MIMO antenna geometry for Model-A. The
separation between the two elements is tuned to 28 mm. The rest of the design
dimensions are shown on the same figure.
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Fig. 4.13. Model-A: Proposed MIMO antenna geometry model (a) bottom layer
(b) top layer (All dimensions are in mm).
4.2.2 Results and Discussion
4.2.2.1 Complete Loop Slot Analysis
Fig. 4.14 shows the current distribution of a complete loop slot obtained at the
center frequency of 3.6 GHz. The slot was fed using a transmission line above
the substrate as shown in Fig. 4.11. It can be seen that the current density is
maximum at both sides of the loop while it is minimum in the end-fire direction
which ensures a broadside omnidirectional radiation pattern in the y-z plane.
The length, width and position of the CSR were optimized in order to obtain
maximum current density in the end-fire direction only. But, it can be observed
that the current distribution is not significantly affected by using a CSR. Fig. 4.15
shows the 2D radiation patterns of a complete slot without CSR and at three
different positions with CSR element. It can be seen that the radiation pattern
is omnidirectional and is not affected by the CSR. This section provides detailed
explanation to the reader on why we used a semi-ring slot as our driven element
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instead of using a complete ring slot.
Fig. 4.14. Current distribution of complete loop slot at 3.6 GHz (a) without CSR




















Full loop position−1 position−2 position−3
Fig. 4.15. 2D radiation pattern without and with CSR at positions 1, 2 and 3 (y-z
plane).
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Fig. 4.16. Current distribution of semi-ring slot at 3.6 GHz (a) without CSR (b)
with CSR.
4.2.2.2 Half-Loop (semi-ring) Slot Analysis
Fig. 4.16 shows the current distribution with and without considering the CSR
element for a half-loop (semi-ring) radiating slot. It can be seen that in case of the
semi-ring slot, the current maxima is shifted to the +/- X-directions (the feeding
position remains the same) and therefore, an omnidirectional pattern is obtained
in x-z plane as shown by both azimuth and elevation cuts in Fig. 4.17 (without
CSR case). Unlike a conventional reflector in Yagi antennas, this CSR element
acts as the dual of the conventional metallic reflector element. It increases the
current distribution area and pulls the beam in the end-fire direction (along x-axis)
and hence a high simulated FBR of 12.6 dB is achieved as shown in both planes
in Fig. 4.17 (with CSR case).
4.2.2.3 Single Element Half Loop Slot Results
The proposed single element was modeled in CST along with a complete SMA





































Without CSR With CSR
(a) (b)
Fig. 4.17. 2D radiation patterns of a semi-ring slot without and with CSR (a)
azimuth cut (at θ = 900) (b) elevation cut (at φ = 50).
lossy metal and not PEC to have better comparison with the measured results.
The antenna was fabricated in house (at KFUPM) using an LPKF (S103) milling
machine. The S-parameters were measured using an Agilent N9918A vector
network analyzer.
A parametric study was conducted on different parameters of the design
and it was observed that increasing the width of the radiating slot, increases the
bandwidth, gain and efficiency while reducing the return loss and hence its value
was fixed to 3 mm. Decreasing the width of the slot reflector element slightly
affected the gain and return loss and its value was fixed to 14 mm. The spacing
between the slot element and the reflector was found to directly affect the FBR,
gain and return loss. Table 4.3 summarizes the effect of this spacing on FBR, gain
and return loss. It can be observed that at a spacing of 2 mm, the FBR is 1.2 dB
which represents an omnidirectional pattern. Decreasing the spacing between the
83
Table 4.3. Effect of spacing between slot and reflector element on FBR, gain and
return loss
Spacing (mm) FBR (dB) Gain (dBi) Return loss (dB)
2 1.2 4.81 28.42
1.8 4.38 4.73 26.61
1.6 6.2 4.71 26.62
1.4 7.7 4.62 26.40
1.2 8.40 4.562 25.8
1 8.41 4.551 25.76
0.8 8.45 4.42 25.45
0.6 8.61 4.42 25.41
0.4 11.48 4.212 24.8
0.2 12.6 4.1 24.73
slot and the CSR element or ultimately increasing the length of the CSR element,
increases the FBR but decreases the gain and return loss and its value was set to
0.2 mm.
Fig. 4.18 shows the simulated and measured reflection coefficient curves for
both models. The fabricated prototype of Model-B can be seen in the inset of the
figure along with the T-line dimensions. For Model-A, the simulated and measured
-10 dB bandwidths were 370 and 374 MHz, respectively, thus good agreement was
obtained. It can be seen that in case of Model-B, there is a small shift of 9 MHz,
and the bandwidth is slightly reduced. It should be noted that in case of Model-B,
in order to get 50Ω impedance at the SMA location using 50Ω T-line, different
parameters like T-Line width (optimized to 1.64 mm), T-Line length (optimized
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Fig. 4.18. Simulated and measured single element reflection coefficient curves.
to 15.5 mm), extension of the T-Line (optimized to 1.3 mm), and relative location
(optimized to 0.9 mm to the left of the location of model-A feed) of T-Line with
respect to that of model-A, were optimized. A good agreement between the results
of both models was obtained.
To evaluate the radiation characteristics of the antenna, it was measured
in a Satimo STARLAB anechoic chamber at MVG-Italy. Fig. 4.19 shows both
the simulated and measured gain and efficiency curves. It can be observed that
that the minimum measured and simulated realized gains were around 2.36 dBi
and 3 dBi, respectively, across the entire band, while the minimum measured
and simulated total radiation efficiency were 75% and 79% respectively, across
the band. The measured results are in good agreement with the simulations.
Small differences in the results are due to the non-idealities of material properties,
equipment calibration and connector and cable losses.
A summary of the proposed antenna metrics compared to other slot-based
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Fig. 4.19. Measured and simulated gain and efficiency of a single element (inset
shows the measurement setup).
Yagi designs present in literature is shown in Table 4.4. It can be seen that the
proposed design is based on a single layer as compared to the designs present in
literature. The size of the CSR element as well as the overall size of the proposed
design is very compact as compared to others in literature. The gain of the
proposed design is comparatively low as compared to others, as our goal is to
achieve high FBR, and we have not employed any director element. Also, it can
be seen that the proposed design has the widest operating bandwidth.
4.2.2.4 MIMO Antenna System Results
A parametric study was conducted on the spacing between the antenna elements.
Table 4.5 summarizes the effect of this spacing on FBR, isolation, and gain. It
can be observed that by increasing the spacing between the antennas, isolation
increases continuously while FBR and gain increases until a spacing of 28 mm and
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Table 4.4. Comparison of Antenna Parameters to Slot based Single Element
Yagi-Like Designs








80× 90 150× 65 14× 9.5
Overall
size (mm3)













starts decreasing beyond this value. Therefore, a spacing of 28 mm was chosen to
get the desired high FBR. The spacing between MIMO elements is not usually
half a wavelength and it varies from application to application [1],[165]-[169].
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Table 4.5. Effect of spacing between the two antenna elements on FBR, isolation
and gain
Spacing (mm) FBR (dB) Isolation (dB) Gain (dBi)
18 4 6.51 3.61
20 4.92 6.514 4.38
23 9 12.63 4.51
25 10.3 12.41 4.57
28 11 12 4.61
30 8.41 13.43 4.28
32 8.19 13.96 4.11
Fig. 4.20 and Fig. 4.21 show the simulated and measured S-parameters for
Models A and B respectively, including the effects of the SMA connector. The
fabricated MIMO antenna prototypes can be seen in the insets of the figures.
Good agreement between the results of both models is obtained. The minimum
measured isolation within the entire band is 12 dB which ensures good port
efficiency performance. Our goal is to achieve a compact size MIMO antenna
system. In MIMO literature, there is no standard isolation limit defined. However,
isolation between 10 dB to 15 dB is considered acceptable for practical applications
[165]-[169]. Isolation can be improved via various methods if needed as shown in
[1].
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Fig. 4.20. Measured and simulated MIMO s-parameters for Model-A.







































Fig. 4.21. Measured and simulated MIMO s-parameters for Model-B.
Fig. 4.22 shows the simulated and measured gain and efficiency of the 2-
element MIMO antenna system. It can be seen that the minimum measured and
simulated realized gain are 4.3 dBi and 4.1 dBi respectively, while the minimum
measured and simulated total radiation efficiency are 73% and 78% respectively,
across the band. The MIMO antenna setup inside the chamber can be seen in the
figure inset. The measured results are in good agreement with the simulations.
The difference between the measured and simulated maximum gain values does
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Fig. 4.22. Measured and simulated gain and efficiency of the MIMO antenna
system (a) antenna-1 (b) antenna-2 (inset of (a) shows the measurement setup).
not exceed 0.7 dBi in all measurements, which is considered very good compared
to other works in literature. According to the data sheet of the anechoic chamber
used (SATIMO star lab), the gain accuracy is within +/- 0.8dB [170]. The lower
efficiency for the MIMO case comes from the fact that port coupling can degrade
the efficiency more compared to the single element case.
Fig. 4.23 shows the normalized measured and simulated radiation patterns

























































































Fig. 4.23. Normalized measured and simulated radiation patterns ETotal (in dB) at
3.6 GHz. (a) azimuth cut at θ = 900, element 1 (b) azimuth cut at θ = 900, element
2 (c) elevation cut at φmax = 112
0, element 1, (d) elevation cut at φmax = 68
0,
element 2.
φ planes. Fig. 4.23 (a) and Fig. 4.23 (b) shows the measured and simulated
patterns obtained at θ = 900 (phi cuts) for element 1 and 2, respectively. It can be
observed that the field for element 1 and 2 are maximum at φ = 400 and φ = 3200
respectively, and are apart from each other by 800. Fig. 4.23 (c) and Fig. 4.23
(d) shows these patterns obtained at φmax = 112
0 (theta cuts) and φmax = 68
0
for element 1 and 2, respectively. It can be seen that fields for element 1 and
2 are maximum at θ = 1400 and θ = 2200 respectively, and are also apart from
each other by 800. As evident from the figure, the radiation patterns are almost
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Fig. 4.24. TARC curves for MIMO antenna system.
orthogonal in both θ and φ planes and hence ensures very low correlation between
the MIMO channels. Both simulated and measured results in both planes shows
good agreement. The measured FBR1 shown by both azimuthal and elevation
planes of Fig. 4.23 is around 10 dB and 12 dB, respectively, which is close to
the simulated FBR of 11 dB and 9 dB in both azimuthal and elevation planes,
respectively.
Total Active Reflection Coefficient (TARC) provides better characterization
of a MIMO antenna system in terms of efficiency and bandwidth. For specified
phase excitation between the ports, a single TARC curve can be used to find the
resonant frequency and impedance bandwidth of the whole antenna system [1]. Fig.
4.24 shows the measured TARC curves calculated from measured s-parameters
of model-A according to the expression presented in [1]. It can be seen that
the MIMO antenna system has a very stable response in terms of resonance and
1 The FBR is calculated from the difference between the point where the ETotal is
maximum and the point 1800 apart from the maximum.
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Fig. 4.25. Measured and simulated ECC curves for the proposed MIMO antenna
system.
impedance bandwidth irrespective of the phase variation.
To evaluate the diversity performance of the MIMO antenna system, the ECC
was calculated from the measured 3D radiation patterns using (4.1). Fig. 4.25 shows
the measured and simulated ECC curves for the MIMO antenna system. It can be
observed that the maximum measured envelope correlation value is 0.0385 over
the entire band 3.48-3.80 GHz while it reaches to 0.00598 at the center frequency
of 3.6 GHz which ensures that the radiation patterns are highly uncorrelated in
the far field2. At lower frequencies, the spatial separation in terms of lambda
gets smaller which increases the ECC. The difference between the measured and
simulated ECC values is only 0.017, which is very small and shows good agreement.
The diversity gain (DG) is computed from ECC using (4.2) as presented in [20].
The average DG of the MIMO antenna system is found to be 9.81 dB within our
band of interest which is very close to the maximum value of 10 dB, and hence
2 The maximum value of ECC set for the 4G standards is 0.5
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this MIMO antenna system ensures good diversity performance. Multiplexing
Efficiency also depends on the ECC and efficiencies of the antennas inside the
MIMO antenna system. The multiplexing efficiency of the MIMO antenna system
is found to be around 72.97%, which is calculated from the measured ECC value
and measured efficiencies according to the expression presented in [171]. Hence,
the MIMO antenna system ensures good MIMO performance in terms of isolation,















4.3 A Highly Miniaturized Semi-Loop Mean-
dered Dual Wideband Quasi-Yagi MIMO
Antenna System
In this section a novel dual wide-bandwidth (BW) 2-element Quasi-Yagi MIMO
antenna system is presented with 68% miniaturization, which is achieved using
a semi-loop meandered driven element. The center frequency of operation is
2 GHz. The antenna system covers two bands: the Telemetry L-band with
a minimum measured BW (-6 dB) of 160 MHz, from 1.27-1.43 GHz, and the
GSM/LTE band with a BW of 333 MHz from 1.8-2.133 GHz. The simulation and
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measurement results are in agreement. The proposed antenna system ensures good
Yagi performance in terms of FBR, directivity, and gain. It has a high measured
FBR of around 15 dB at 1.35 GHz and 17 dB at 2 GHz, which is achieved without
using a large ground plane or extra metallic structures, multiple reflector elements
or any complex technique for back-radiation minimization. A gain of more than 5
dBi is measured for the single element with a total radiation efficiency of around
85% in both bands. The measured isolation of the proposed MIMO antenna is at
least 15 dB with less than 0.0785 measured envelope correlation coefficient (ECC)
values in both bands.
Many antenna miniaturization techniques can be found in literature like
shorting posts or shorting walls [172], introducing slots [173], using metamaterials
[174], material loading [175], and defected ground structures (DGS) [176]. However,
most of these techniques are implemented on microstrip patch antennas or their
derivations and only two Yagi-miniaturized designs [177]-[178] can be found in
literature. The design presented in [177] has a gain of 4 dBi and FBR of greater
than 6 dB covering the band from 2.3-2.69 GHz. It has a size of 65× 120× 130
mm3. The design presented in [178] is based on Koch-fractal Yagi geometry at
431 MHz, where 24% miniaturization is achieved. It has a gain of around 5.7 dBi,
FBR of 16.7 dB, and bandwidth of 9 MHz. The size of the antenna is around
214× 380× 203 mm3. Both designs suffer from huge sizes, use large reflectors, and
cover single narrow bands.
Quasi-Yagi antennas based on loop excitation with a small GND plane give
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omnidirectional patterns that are not of interest (FBR ' 1 dB). The back-lobe
reduction techniques discussed earlier are complex, occupy large size, and are
targeted for either microstrip or slot antennas and no such technique can be found
for Quasi-Yagi antennas.
Here, we present a highly miniaturized 2-element Yagi MIMO antenna system
that is based on loop excitation. A miniaturization3 factor of 68% is achieved using
simple loop meandering and a small GND plane having the width of only 19.1 mm
which is almost half of the width of the GND plane used in the first design. To
achieve highly directional end-fire radiation pattern with high FBR, a novel simple
DGS structure with multiple slits is presented which switches the main beam by
900 making it end-fire directional and further suppresses its back-lobe radiation to
achieve high FBR of around 17 dB. The proposed antenna system is compact with
single element size of 60× 50× 0.76 mm3 and total board size of 120× 50× 0.76
mm3 for the 2-element MIMO configuration.
4.3.1 Antenna Design Details
The antenna is designed using an FR− 4 substrate with dielectric constant (εr) of
4, thickness of 0.76 mm, and loss tangent of 0.02. The proposed antenna model
is shown in Fig. 4.26. The length of the semi-loop meandered element is twice
the guided wavelength (2λg) which is around 140 mm at the center frequency of 2
GHz. The diameter of the loop is 39 mm and its width is tuned to 1 mm. The
3 The miniaturization ratio is calculated from the difference between the area of the
proposed model and the area of first design.
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Fig. 4.26. Proposed antenna geometry model.
overall size of the geometry is 60× 50 mm2, while the size of the GND plane is
60× 19.1 mm2. The driven semi-loop element is excited using simple microstrip
line feeding below the substrate. The length of the transmission line is tuned to
15 mm while its width is set to 1.478 mm (50Ω) to get minimum reflection loss
and match to 50Ω of the SMA connector. The rest of the detailed dimensions are
shown in Fig. 4.26. All dimensions are in mm.
Fig. 4.27 shows the proposed MIMO antenna model. The distance between
the two MIMO antennas is set to 0.133λ0 which corresponds to 20 mm at 2 GHz.
The rest of the design dimensions are shown in Fig. 4.27.
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Fig. 4.27. Proposed MIMO antenna geometry.
4.3.2 Results and Discussion
4.3.2.1 Design Principles and Truncated GND Plane or Reflector
Analysis
Loop antennas have several resonating modes like 0.5λg, 1λg, 1.5λg, and 2λg [12].
Therefore, the length of the loop element is tuned accordingly to get resonance in
the desired bands of operation. In our case, we have observed that the resonating
mode for the semi-loop meandered driven element is close to 2λg at 2 GHz which
corresponds to a length of 140 mm. The length of the reflector element is 60 mm
while the length of the director element is tuned to 25 mm in accordance to [12].
This principle of designing printed Quasi-Yagi antennas is followed by the majority
of works present in literature, e.g. [105]. The same principle can be applied to
similar antenna geometries targeting other frequencies.
The size of the reflector and its spacing from the driven element has negligible
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effect on the forward gain but has significant effect on the FBR [12]. Therefore, to
suppress the back-lobe radiation and to achieve high FBR, the truncated GND
plane which acts as a reflector for Quasi-Yagi antennas need to be carefully designed.
Moreover, the size of the GND plane is also directly related to the overall size of
the antenna system.
We start our analysis from the width of the GND plane. Initially, in order
to achieve small overall size, we tuned the design with the width of the GND
plane set to 7 mm. We then further carried our analysis on the GND plane and
also observed its sensitivity on s-parameters as shown in Fig. 4.28. It can be
observed that for the GND width of 7 mm, the antenna is multi-band with a
minimum measured -6 dB bandwidth of 249 MHz (0.780-1.029 GHz) in the lower
band and 286 MHz (1.932-2.218 GHz) in the upper band covering several LTE
bands. However, when the width of the GND plane is increased by only 3 mm, the
behavior is significantly changed and becomes stable afterwards. For this reason,
throughout this work, a GND plane width of 19 mm was selected to allow enough
GND plane for stable operation.
4.3.2.2 Defected GND Structure Analysis–Radiation Pattern Switch-
ing by 900
To avoid using complex back-lobe suppression techniques discussed before [144]-
[151], one simple solution is to use a large GND plane as discussed in the first,
where the width of the GND plane was tuned to 38 mm. But using large GND
planes will eventually increase the overall size of the antenna system. On the
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Fig. 4.28. S-parameter curves for different GND plane widths.
other hand, in case of a smaller GND plane without DGS, the current density is
maximum in a non-desired direction, i.e. the Y-Z plane which is orthogonal to
the desired end-fire direction as shown in Fig. 4.29(a). However, by using the slit
(S-1) in the GND plane exactly below the transmission line, the maxima of the
current density is shifted to the X-Z plane as shown in Fig. 4.29(b).
Fig. 4.29. Current distribution at 2 GHz (a) without DGS (b) with DGS.
The above phenomenon is also verified by observing the 2D radiation patterns
in both azimuth and elevation planes for three different cases: GND plane width





















38mm GND plane without DGS
19.1mm GND Plane without DGS




















38mm GND plane without DGS
19.1mm GND Plane without DGS
19.1mm GND Plane with DGS
(a) (b)
Fig. 4.30. 2D radiation patterns for GND plane width of 38mm without DGS,
GND plane width of 19.1mm without DGS, and GND plane width of 19.1mm with
DGS (a) azimuth cut (at θ = 900) (b) elevation cut (at φ = 00).
plane width of 19.1 mm with DGS as shown in Fig. 4.30. It can be noticed
that for a small GND plane having a width of 19.1 mm without DGS case, the
radiation pattern is omnidirectional along Y-Z plane as shown in both azimuth
and elevation planes. However, the radiation pattern is shifted by 900 and the
desired directional end-fire radiation pattern is obtained by either using a large
GND plane having a width of 38 mm or by using half a GND plane having a width
of 19.1 mm with DGS. Also it can be observed that the proposed DGS shows even
better performance (8 dB greater FBR) over the large GND plane in terms of
FBR.
4.3.2.3 Single Antenna Element Results
The single antenna element shown in Fig. 4.31 was modeled and simulated
in CST TM including the SMA connector model. Metal parts were modeled
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Fig. 4.31. Single element simulated and measured s-parameter curves (inset shows
the fabricated prototype of the single element (a) top view (b) bottom view).
with copper material properties to have better match with the actual fabricated
prototype (as compared to using PEC). The prototype was fabricated at the
Antennas and Microwave Structure Design Laboratory (AMSDL-KFUPM) using
a Protomat-S103 (LPKF) milling machine. An Agilent N9918A vector network
analyzer (VNA) was used to measure the S-parameters. Fig. 4.31. shows the
simulated and measured s-parameter curves, while the inset figure shows the
fabricated prototype of the single element. It has a minimum return loss of 23
dB, measured -6 dB bandwidth of 190 MHz (1.29-1.48 GHz) in the lower band,
and measured bandwidth of 196 MHz (1.904-2.1 GHz) in the upper band. A good
agreement between the simulated and measured results is observed.
The antenna radiation characteristics were measured in a Satimo Star-Lab
chamber at KAUST-KSA. Fig. 4.32 shows the single element measured and
simulated gain and efficiency curves. The inset shows the measurement setup.
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Fig. 4.32. Single element measured and simulated gain and efficiency curves (inset
shows the measurement setup inside the chamber)
.
It can be seen that the maximum measured gain is more than 5 dBi in both
bands, while the minimum measured total radiation efficiency is around 90%.
A good agreement is found between the measured and simulated results with
slight differences, which are attributed to the losses (cable and connector) and
non-idealities of material properties.
Sensitivity analysis were performed on various design parameters and it was
noticed that some of the parameters were very sensitive in determining good Yagi-
Uda performance like gain, efficiency, and FBR. Table 4.6 summarizes the effect of
the length and spacing of the director element from the driven loop element on the
gain of the antenna. It can be seen that by increasing the length of the director
until 25 mm, the gain significantly increases while it starts decreasing afterwards.
Similarly, the gain of the antenna increases by increasing the spacing until 1.6 mm
and starts decreasing afterwards. Therefore, the length of the director element is
103
Table 4.6. Effect of length and spacing of the director element from the driven
element on gain of the antenna
Length (mm) Gain (dBi) Spacing (mm) Gain (dBi)
18 3.4 0.3 2.34
20 4.38 0.6 2.97
22 4.98 0.9 4.2
24 5.23 1.2 4.678
25 5.98 1.5 5.4
27 4.68 1.6 5.97
30 2.91 1.9 3.43
tuned to 25 mm and its spacing is optimized to 1.6 mm.
Table 4.7 summarizes the effect of spacing between the driven loop element
and GND plane (reflector), and spacing between the meandered arms of the loop
element on the efficiency of the antenna. It can be observed that the efficiency of
the antenna is very sensitive to these parameters. The efficiency increases with an
increase in the spacing between the driven element and the GND plane until 1.9
mm, after that it starts decreasing. Moreover, the efficiency increases to 94% by
increasing the spacing between the arms of the loop element until 0.5 mm and it
is significantly decreased when the spacing is further increased.
Slit-2 (S-2) as shown in Fig. 4.26 is mainly responsible for the suppression of
the back-lobe radiation after the pattern is shifted by 900 by slit-1 (S-1) towards
the end-fire direction. Table 4.8 shows the effect of the width and depth of S-2
on the FBR. It can be observed that by increasing the width and depth of S-2
increases the FBR by around 18 dB and hence its values were set to 5.9 mm and
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Table 4.7. Effect of the loop-GND spacing and spacing between the loop arms on







0.4 52 0.2 43
0.8 58.76 0.4 68
1.2 69.9 0.5 94
1.5 87.2 0.6 71.23
1.9 93.8 0.8 82
2 81 1 62.45
2.4 62 1.2 54.67
6.8 mm for the width and depth, respectively.
Fig. 4.33 (a) and (b) show the normalized measured 2D radiation patterns
of the proposed single antenna element in both azimuth and elevation planes at
2 GHz. Fig. 4.33(a) shows the 2D pattern in azimuth plane (phi- cut) obtained
at θ = 900, while Fig. 4.33(b) shows the pattern in elevation plane (theta-cut)
obtained at φ-max = 60. It can be seen from both azimuth and elevation planes
that the proposed antenna has a minimum measured FBR of 18 dB which ensures
very good Yagi performance.
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Table 4.8. Effect of the width and depth of slit- 2 (S-2) on FBR
S-2 Width (mm) FBR (dB) S-2 depth (mm) FBR (dB)
1.5 4 2 3.69
3 7.92 3 4.98
4 9 4 6.51
5.5 13.3 6 12.57
5.9 21 6.5 20.61
6.2 16 6.8 21
















































Fig. 4.33. Normalized simulated and measured radiation patterns for the single
element, ETotal (in dB) at 2 GHz (a) azimuth cut (at θ = 90
0) (b) elevation cut
(at φ−max = 60).
4.3.2.4 MIMO Antenna System Results
The simulated and measured s-parameter curves for the MIMO antenna system
are shown in Fig. 4.34. The fabricated prototype of the MIMO antenna system
is shown in the figure inset. It is observed that this MIMO antenna system has
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Fig. 4.34. Simulated and measured MIMO S-parameter curves (inset shows the
fabricated prototypes of the MIMO antenna system (a) top view (b) bottom view).
a minimum measured -6 dB bandwidth of 160 MHz, from 1.27-1.43 GHz in the
lower band, and minimum measured bandwidth of 333 MHz from 1.8-2.133 GHz
in the upper band. The measured isolation is atleast 15 dB within both bands
even by considering small inter-element spacing of 0.133λ0 which ensures good
port efficiency performance. Good agreement is observed between the simulated
and measured results.
Fig. 4.35 shows the simulated and measured maximum gain and total radiation
efficiency of the MIMO antenna system. It can be observed that the gain is 4.6
dBi while the measured efficiency is around 78% in both bands. The figure inset
shows the MIMO antenna setup inside the chamber. Simulated and measurement
results are in good agreement.
107












































































Fig. 4.35. Simulated and measured efficiency and gain curves (a) ant-1 (b) ant-2.
(inset shows the antenna setup inside the chamber).
The normalized measured and simulated 2D radiation patterns of the MIMO
antenna system in terms of ETotal at 1.35 GHz are shown by both φ and θ planes
of Fig. 4.36. Fig. 4.36 (a) and (b) shows these patterns obtained at θ = 900
(azimuth cut) for element 1 and 2, respectively. It can be observed that the field
for element 1 and 2 is maximum at φ = 420 and φ = 3300 respectively, and are
apart from each other by 720. Fig. 4.36(c) and (d) shows the patterns obtained
at φmax = 42
0 (elevation cut) and φmax = 30
































































































Fig. 4.36. Normalized measured and simulated 2D radiation patterns in terms of
ETotal (in dB) at 1.35 GHz. (a) azimuth cut at θ = 90
0, element 1 (b) azimuth cut
at θ = 900, element 2 (c) elevation cut at φmax = 42
0, element 1, (d) elevation cut
at φmax = 30
0, element 2.
Similarly, Fig. 4.37 shows the normalized simulated and measured patterns at 2
GHz. Fig. 4.37 (a) and (b) shows the measured and simulated patterns obtained
at θ = 900 for element 1 and 2, respectively. It can be observed that the field for
element 1 and 2 is maximum at φ = 430 and φ = 3280 respectively, and are apart
from each other by 750. Fig. 4.37(c) and (d) shows these patterns obtained at
φmax = 43
0 and φmax = 32
0 for element 1 and 2, respectively. As evident from both
































































































Fig. 4.37. Normalized measured and simulated 2D radiation patterns in terms of
ETotal (in dB) at 2 GHz. (a) azimuth cut at θ = 90
0, element 1 (b) azimuth cut at
θ = 900, element 2 (c) elevation cut at φmax = 43
0, element 1, (d) elevation cut at
φmax = 32
0, element 2.
that the MIMO channels are highly uncorrelated. In both planes, simulation and
measurement results are in close agreement. The obtained FBR in both planes
(Fig. 4.36 and Fig. 4.37) is above 15 dB.
Table. 4.9 summarizes the comparison of different parameter results of both
the single element and the MIMO antenna system of this work to other works
in literature. It can be seen that the proposed single element as well as MIMO
antenna systems use a loop as a driven element and is compact in size by covering
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Table 4.9. Comparison of different antenna parameters to other Quasi-Yagi designs
Parameters
Single Element MIMO
[177] [178] [39] [60] Design-1 Design-3 [Design-2] [142] [143] Design-1 Design-3
Driven Element Monopole Dipole Dipole Dipole Loop Loop Magnetic-Dipole Dipole Dipole Loop Loop
Freq (GHz) 2.4 0.431 2.5 2.4 2 1.4, 2 3.6 5.2 5.2 2 1.4, 2
Dielectric Constant (εr) —- —- 4 4.4 4 4 4 10 4 4 4
Size (mm2)/(mm3) 65× 120× 130 214× 380× 203 64× 100 89× 66 118× 78 60× 50 80× 40 55× 50 154× 154 263× 263 120× 50
FBR (dB) 6-meas 16.7-sim 20-sim 13-sim 9.5-meas 18-meas 10-meas —— —— 13.8-meas 17-meas
Gain (dBi) 4-sim 5.7-sim 4-sim —– 5.98-meas 5-meas 4.3-meas 6-sim 5-sim 5.8-meas 5-meas
Efficiency (η%) —– 86-sim —- —- 65-meas 85-meas 73-meas —- —- 65-meas 78-meas


































Fig. 4.38. TARC curves for MIMO antenna system.
dual low frequency bands with higher efficiency values. The proposed design also
ensures good Yagi performance in terms of FBR and gain as compared to other
works.
Using the measured S-parameters, TARC curves [1] are calculated as shown
in Fig. 4.38. A stable response is observed irrespective of the phase variation
between the two ports.
For diversity performance evaluation, the 3D radiation patterns are used to
find the ECC values using (4.1). Simulated and measured ECC curves (evaluated
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Fig. 4.39. Measured and simulated ECC curves for the proposed MIMO antenna
system
at specific frequency points within the band) are shown in Fig. 4.39. It is observed
that the measured ECC reaches to the maximum value of 0.0785 (in both bands),
which indicates that the radiation patterns are not correlated (the tilts are obvious
from Fig. 4.36 and 4.37). The average diversity gain (DG) computed from ECC
values according to [20] is 9.6 dB which is very close to the maximum value of
10 dB. Thus good diversity performance can be obtained from this design. The
multiplexing efficiency calculated from the measured ECC and total efficiencies of
the individual antennas according to [171] is 75%. Hence, the proposed MIMO
antenna system ensures good MIMO performance in terms of isolation, correlation,
TARC, DG, and Multiplexing efficiency.
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Table 4.10. Performance Comparison of the single element of design-3 with the
dipole excited Quasi-Yagi antenna at 2 GHz
Parameters Loop excited Dipole Excited
Frequency (GHz) 2 2
Size (mm2) 60× 50 35× 60
Bandwidth (MHz) 196 94
FBR (dB) 18 12
Gain (dBi) 5.6 4.2
Efficiency % 92 79
4.3.2.5 Performance Comparison of the single element of design-3 with
traditional dipole based Quasi-Yagi antenna of [30]
For the purpose of comparison with the miniaturized loop excited antenna (i.e.
design-3), the dipole excited Quasi-Yagi antenna presented in [30] was tuned to
resonate at 2 GHz. Table 4.10 summarizes the performance comparison between
the two antennas in terms of different parameters. It can be seen that the loop
excited design has far better performance in terms of gain, bandwidth, FBR, and
efficiency but at the cost of 43% greater size.
4.4 Conclusions
In this chapter, firstly, a dual wideband 4-element circular Quasi-Yagi MIMO
antenna system with loop excitation is presented for potential use in wireless access
points or vehicular applications. This antenna system shows very good percentage
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bandwidth4 of 55% and 24% at 2 and 4 GHz center frequency bands respectively.
The radiation pattern of the antenna system is highly directional with FBR of
13.8 dB and directivity of 7 dB. The minimum measured gain is 5.8 dBi and
minimum measured efficiency is 65%. The proposed antenna system shows good
MIMO performance in terms of isolation and correlation. A minimum measured
isolation of 18 dB is obtained. The concept of pattern orthogonality is used to
get low correlation between the MIMO channels. A maximum measured envelope
correlation value of 0.1589 is obtained in both bands.
We then discussed the second design based on a half wavelength semi-ring
slot 2-element Yagi-like MIMO antenna system. The proposed single layer MIMO
antenna system is compact having an overall size of 80× 40× 0.8 mm3 and can
be employed in number of wireless portable devices operating in WiMAX band.
A minimum measured FBR of 10 dB is achieved by introducing a very simple
and compact complementary slot reflector element having a size of 14× 9.5 mm2
without using any complex back-lobe reduction technique, multiple reflectors or
any additional reflector layers as found in literature. This antenna system shows
the minimum measured total radiation efficiency greater than 73% over the entire
band of operation. The proposed MIMO antenna system has minimum measured
isolation of 12 dB across the band of operation and has a minimum measured
realized gain of 4.3 dBi without using any additional metallic director layers. The
measured envelope correlation coefficient (ECC) did not exceed 0.0385, hence it
4 Antennas having percent bandwidth of greater than 20% are considered as wideband,
while if the bandwidth is greater than 30%, such antennas are considered as ultra-
wideband (UWB) [1].
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ensures good MIMO performance.
A highly miniaturized dual wideband Quasi-Yagi based MIMO antenna system
is then presented. A miniaturization of 68% is achieved by using semi-loop
meandering and small GND plane structure. Both single element and MIMO
antennas are compact in size as compared to other single or MIMO Quasi-Yagi
designs. The proposed antenna system has a very high measured FBR of 17 dB at
2 GHz with a small GND plane width of 19.1 mm. The omnidirectional pattern is
shifted by 900 towards the desired end-fire direction and the back-lobe radiation is
reduced by using a very simple DGS, unlike complex back-lobe reduction techniques
present in the literature. The proposed design has a maximum measured gain of
more than 5 dBi and 4.6 dBi for the single element and MIMO antenna system,
respectively. It has a measured total radiation efficiency of around 85% and 78%
for both single and MIMO antennas. The proposed antenna system also ensures
good MIMO performance in terms of isolation, ECC, TARC, DG, and multiplexing
efficiency. Towards the end of the chapter, a comparison of performance between
the miniaturized loop excited antenna and the dipole based Quasi-Yagi antenna of
[30] was presented. It was shown that the loop based design has better performance






In this work, we present three Yagi based MIMO antenna designs with loop based
excitation. The first design showed a percentage bandwidth of 55% and 24% at
2 and 4 GHz center frequency bands, respectively. The radiation pattern of the
antenna system was highly directional with FBR of 13.8 dB and directivity of 7
dB. The minimum measured gain was 5.8 dBi and minimum measured efficiency
was 65%. The proposed antenna system showed good MIMO performance in terms
of isolation and correlation. A minimum measured isolation of 18 dB was obtained.
The concept of pattern orthogonality was used to get low correlation between the
MIMO channels. A maximum measured envelope correlation value of 0.1589 was
obtained in both bands.
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In the second design, we have introduced a compact single layer MIMO
antenna system having an overall size of 80 × 40 × 0.8 mm3 targeting WiMAX
applications. A minimum measured FBR of 10 dB was achieved by introducing a
very simple and compact complementary slot reflector element having a size of
14× 9.5 mm2 without using any complex back-lobe reduction technique, multiple
reflectors or any additional reflector layers as found in literature. The minimum
measured isolation of the the proposed MIMO antenna system was 12 dB across
the band of operation with a minimum measured realized gain of 4.3 dBi which
was achieved without using any additional metallic director layers.
Lastly, we presented a highly miniaturized dual wideband Quasi-Yagi based
MIMO antenna system where a miniaturization of 68% was achieved using semi-
loop meandering and small GND plane structure. The minimum measured FBR
was 17 dB at 2 GHz using a small GND plane having width of 19.1 mm. A
directional radiation pattern with a high FBR was obtained by introducing a novel
DGS unlike complex back-lobe reduction techniques presented in the literature.
The total radiation efficiencies of the single and MIMO antenna system were 85%
and 78%, respectively. All the three designs ensured good Yagi-Uda as well as
MIMO performance. A very good agreement between the simulated and measured
results was observed in all the results.
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5.2 Future Work
 The work can be extended towards the design of a directional wideband
Quasi-Yagi MIMO antenna systems based on frequency as well pattern
reconfigurability, targeting the WLAN bands for mobile communication.
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